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Summary  
Increasing population and limited water resources have constrained the 
potable water resources available on earth. In order to secure water for the 
current and future generations, desalination and water reuse is being practiced 
extensively across the globe. However, commercially available technologies, 
both the membrane-based RO process and the thermal-based distillation 
process are highly energy intensive. Forward Osmosis (FO) process is a 
technology that needs low hydraulic energy due to the osmotic chemical 
potential of the draw solution. Combining FO with a suitable draw solution 
reconcentration process such as the nanofiltration (NF) can be a potentially 
cost effective technology for seawater desalination. To date, few studies have 
been conducted to investigate the fouling of FO membranes using actual 
feedwater such as seawater and secondary effluents with high organic 
concentrations.  
In this study, organic fouling behaviour of FO membrane operated in the FO 
mode (i.e., the dense layer facing the feed solution) and PRO mode (i.e., the 
porous layer facing the feed solution) were investigated. Organics prepared 
from the reverse osmosis reject of a water reclamation plant was used. The 
results on the effect of membrane orientation on fouling revealed that in the 
PRO mode, the membrane fouled more rapidly than when operated in the FO 
mode, and the fouling became more severe with increasing organic 
concentration in the feed solution. Furthermore, this study elucidated the 
fouling phenomenon of the dense layer of the FO membrane with different 
crossflow velocities and organic concentrations in the secondary effluent. It 
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has been observed that the FO membrane could tolerate high organic loads 
over a period of time, provided that the crossflow velocities were high enough 
to shear off the foulants from the FO membrane surface. Tests had been 
conducted to compare the fouling mechanisms on the dense (i.e., FO mode) 
and porous (i.e., PRO mode) sides of the FO membrane. FO fouling 
experiments were carried for a period of 48-h, followed by intermittent 
mechanical cleaning cycles. ‘Pulsating’ cleaning with deionised water flush 
was implemented in this study. The water flux recovered after cleaning was 
almost 95%, suggesting reversible fouling. Scanning electron microscopy, 
fourier transform infrared spectroscopy and energy dispersive X-ray 
techniques had been used to analyze the foulants over the FO membrane 
surfaces. In addition, based on the water flux results, a cake formation model 
was investigated. 
Further to organic fouling studies of FO membrane by secondary effluent, 
fouling and boron rejection by FO membrane for seawater application was 
also investigated. This study aims to evaluate the feasibility of forward 
osmosis - nanofiltration (FO-NF) synergistic process for seawater desalination 
by assessing the fouling behaviour and whether the process could produce an 
NF permeate that meets the WHO drinking water guideline, particularly a 
boron concentration of lesser than 2.4 mg/L. Results showed minimal fouling 
of the FO membrane for the experimental run spanning over 70 d. Water flux 
of about 2 L.m-2.h-1 was observed throughout the run and there was no 
significant flux decline. With a water flux recovery of about 35%, which is 
similar to the conventional seawater RO process, FO could be potentially 
utilized for seawater desalination application. The integration of FO and NF 
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process was able to produce potable water with TDS less than 500 mg/L and 
boron concentration lower than 2.4 mg/L. These results suggest the potential 
of the FO-NF system for seawater desalination, considering the low energy 
and low fouling propensity of the FO membrane which offers an advantage 
over the RO process. 
Keywords: Forward osmosis, organic fouling, fouling reversibility, mechanical 
cleaning protocols, seawater desalination, boron rejection, forward osmosis-
nanofiltration system.  
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1. Introduction 
1.1. World Water Scenario 
Water makes the earth teeming with life forms. The existence of liquid water 
and to a lesser extent its gaseous and solid forms on earth are vital to the 
existence of life. Earth’s surface is composed of 71% water. The quote below 
renders sarcasm towards the grim situation the world is currently facing owing 
to freshwater shortages around the globe. Had there been no water on earth, it 
would have been an abandoned lifeless planet. 
“Water, Water Everywhere…. And all the boards did shrink…. 
Water, Water Everywhere…. Nor any drop to drink….” 
                                   --- Coleridge, The Rime of the Ancient Mariner, 1798 
The total volume of water on earth is around 1.4 billion km3, while the volume 
of freshwater resources is about 35 million km3 (i.e., about 2.5% of the total 
volume). Of these freshwater resources, about 24 million km3 (68.9%) is in the 
form of ice and permanent snow cover in mountainous regions, the Antarctic 
and the Arctic. About 8 million km3 (30.8%) is stored underground in the form 
of groundwater. Freshwater lakes and rivers contain an estimated 105,000 km3 
(about 0.3%) of the world's freshwater. The total usable freshwater supply for 
ecosystems and humans is around 200,000 km3 of water, which is less than 1% 
of all freshwater resources, and only 0.01% of all the water on earth (UNEP, 
2007; UNEP, 2008). Figure 1.1 elucidates the proportion of freshwater in the 






The world population is exploding at an alarming 
from 6.6 billion in 2007 to 9.3 billion in 2050. However, the total water 
resources shall remain the same, which is about 200,000 km
huge crunch on the available water resources. According to reports from the 
World Water Assessment Programme (WWAP)
70% of the freshwater is used for irrigation, roughly 22% being used in 
industry and the rest for domestic purpose
growing population, escalating industrialization and tumultuous changes in the 
climate, the availability of fresh water in the near future is being put to 
question. Although the absolute quantities of freshwater on 
remained approximately the same, the uneven distribution of water and human 
settlement continues to create growing problems of 
 
 1.1 The percentage of freshwater in the total water resources on earth.
pace, with projections going 
 (UNEP; UNEP, 200







, thus creating a 
5), about 
 Figure 1.2. With 
earth have 
.  
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Figure 1.2 Breakdown of freshwater reuse. 
 
1.2. World Water Crisis  
Water, the elixir of life is dwindling at an alarming pace. This is because, 
though water may be available exhaustively in oceans or as sewage as a by-
product of over-industrialization, it is not potable. Furthermore, water scarcity 
can be physical, economic or institutional and - like water itself - it can 
fluctuate over time and space. Scarcity is ultimately a function of supply and 
demand but both sides of the supply-demand equation are shaped by political 
choices and public policies (Watkins, 2006). Water scarcity is defined as the 
point at which the aggregate impact of all users depends on the quantity or 
quality of water to the extent that the demand by all sectors, including the 
environment, cannot be satisfied fully. Water scarcity is a relative concept and 
can occur at any level of supply or demand. Scarcity may be a social construct, 
i.e., a product of affluence, expectations and customary behaviour or the 
consequence of altered supply patterns, caused by other reasons like climate 
change, natural disaster etc. According to the United Nations Environment 
Programme (UNEP) and World Bank 2000 report, “An area is experiencing 
water stress when the annual water supplies drop below 1700 m3 per person, 
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while, when the same drops below 1000 m3 per person, the population faces 
water scarcity.”An FAO 2007 report (Figure 1.3) shows the freshwater 
availability across the world. It shows that countries in Sub - Saharan Africa 
and South Asian countries like India are already lurking towards a severe 
water scarcity with a freshwater availability of less than 1000 cubic meters per 
person per year. 
        
Figure 1.3 Freshwater availability across the globe in the year 2007. 
 
Recent reports of UNEP, proclaim (UN, 2003) around 2-7 billion people shall 
be facing water scarcity out of the projected 9.3 billion people by 2050. More 
alarming is the fact that the average supply of water worldwide per person is 
supposedly going to drop by a third. The same trend is exemplified in Figure 
1.4 showing the availability of projected freshwater resources for the year 
2025 (UNEP, 2008). 
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Figure 1.4 Freshwater stress in 1995 and 2025 (projected). 
 
Water withdrawal and consumption are the gripping issues exacerbating the 
water crisis. Water withdrawal implies the removal of water from any natural 
source or reservoir for a beneficial use. If not consumed, the water may later 
be returned to the same or another natural reservoir. Water consumption 
implies that water abstracted is no longer available for use because it has been 
evaporated, transpired, incorporated into products and crops, consumed by 
human or livestock, ejected directly to the sea or into evaporation areas or 
otherwise removed from freshwater resources. 
Chapter 1  Introduction 
 Page 6 
 
 
Figure 1.5 Global Water Use – Withdrawal and Consumption. 
 
According to UNEP (2006), the world’s fresh water withdrawal shall surge 
higher compared to consumption, thus aggravating water scarcity. As shown in 
Figure 1.5, in the future, annual global water withdrawal is expected to grow 
by about 10-12% every 10 years, reaching approximately 5,240 km3 (or an 
increase of 1.38 times since 1995) by 2025. Water consumption is expected to 
grow at a slower rate of 1.33 times. In the coming decades, the most intensive 
growth of water withdrawal is expected to occur in Africa and South America 
(increasing by 1.5 - 1.6 times), while the smallest growth will take place in 
Europe and North America (1.2 times). The health and economic impacts of 
today’s global water crisis are staggering, they are as follows: 
• More than 3.5 million people die each year from water-related disease; 
84% are children. Nearly all deaths, 98%, occur in the developing 
world.  
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• Lack of sanitation is the world’s biggest cause of infection with about 
2.6 billion people lacking adequate sanitation across the globe 
(UNICEF/WHO, 2004). 
• Millions of women and children spend several hours each day 
collecting water from distant and often polluted sources. This time is 
not spent working at an income-generating job, caring for family 
members, or attending school.  
• World Bank estimated that 1 person out of 3 will have poor access to 
clean drinking water by 2025. 
• With the existing climate change scenario, almost half of the world's 
population will be living in areas of high water stress by 2030. In 
addition, water scarcity in some arid and semi-arid places will displace 
between 24 million and 700 million people. 
1.3. Combating Water Crisis - Solutions 
As is rightly pointed out by Ismail Serageldin, the World Bank Vice President 
for Environmental Affairs (2000), “If there were any war in this 21st century, 
the sole cause for the same would be over WATER.”  
The tipping point is fast reaching when severe water shortages shall mar the 
face of the earth. Nations have already been vulnerable to such water 
shortages ranging from shrinking lakes to disappearing rivers. In order to 
combat water scarcity issues, the United Nations formulated the Millennium 
Development Goal (MDG) in 2000 that established a set of targets for 
improving the lives of the world’s poor, ranging from eradicating extreme 
hunger to reducing child mortality and ensuring environmental sustainability. 
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These targets, agreed to by all countries and leading development institutions 
throughout the world, consist of eight goals. Foreseeing the crippling blow 
water crisis would cause in the near future, goal 7 focuses on access to safe 
drinking water. Using 1990 as a baseline, goal 7 of the MDGs seeks to halve 
the proportion of people without sustainable access to safe drinking water by 
2015. The current status (as per August 2012) of the MDG boasts of an 87% of 
the world’s population or approximately 5.9 billion people using safe 
drinking-water sources, hence the world is on track to meet the drinking water 
target of the MDG. However, about 672 million people will still lack access to 
improved drinking water sources in 2015 (WHO and UNICEF, 2010) owing to 
the population explosion in the current decade.  
Hence, in the present scenario, the need of the hour is to look forward to 
alternatives to create fresh water. Desalination, water reuse and rainwater 
harvesting are some of the principal applications to extract fresh water from 
saltwater, used water and storm or rain water respectively.  
1.3.1. Water reuse 
Through the natural water cycle, the earth has recycled and reused water for 
millions of years. Water recycling generally refers to projects that use 
technology to speed up these natural processes. Typical water demand 
considerations for water reuse generally for non-potable purposes include 
toilet flushing, cooling tower water, irrigation and laundry supply, industrial 
process water such as paper mills, construction activities and concrete 
activities to name a few. However, some projects use recycled water indirectly 
for potable purposes, viz., recharging ground water aquifers and augmenting 
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surface water reservoirs (USEPA, 2004). The general water treatment 
procedures for non-potable water treatment include primary sedimentation, 
biological oxidation, chemical coagulation, filtration and disinfection. For the 
production of potable water, further treatment with ultrafiltration and reverse 
osmosis (RO) membranes along with ultraviolet disinfection and pH 
adjustment is required. Singapore’s NEWater plant is a classic example for the 
production of high quality water from wastewater, thus closing the water loop 
from source to waste and back to source (PUB, 2008). One of the interesting 
findings of the Global Water Intelligence (GWI, 2010) is that the market for 
water reuse may grow faster than the market for desalination over the next 
decade. As per the report, the active capacity of desalination and water reuse 
plants in 2010 is 45 and 30 million m3.day-1, respectively. However, the 2015 
projections show water reuse projects inching closer to desalination projects, 
viz., 52 and 62 million m3.day-1, respectively. This shows strong market 
growth of water reuse projects. This reflects a number of factors, viz., 
i) The markets for desalination and water reuse are both driven by increased 
water scarcity, but reuse, unlike desalination, benefits from increased 
environmental concerns over wastewater discharges. 
ii) Water reuse is a solution for inland communities as well as coastal ones, 
whereas seawater desalination only takes place in coastal regions. 
iii) The maturity of membrane technologies (including membrane bioreactors) 
in the wastewater treatment sector has reduced costs and broadened the scope 
of the wastewater reuse market and RO desalination membranes alike. 
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iv) Operating costs, estimated to average 0.35 USD.m-3 globally, are lower 
than the operating cost of new desalination projects, which is estimated to be 
in the range of 0.62 USD.m-3. Capital costs of desalination projects are more 
comparable to that of water reuse projects in developed countries because of 
additional distribution costs. Overall however, water reuse has a lower market 
value than desalination. 
1.3.2. Rainwater harvesting 
Rain (except acid rain) is the purest form of water supplied by nature. It needs 
to be harvested through capturing, storing, recharging and later using it during 
prolonged periods of drought. It could be implemented in rural and urban 
areas alike. While open lands could be used for rainwater storage in rural 
areas, they could be built over rooftops in thickly populated, land-stressed 
urban areas. Urban runoff and storm water capture also provide benefits in 
treating, restoring and recharging groundwater. 
Singapore is investing in roof top catchment systems in its residential 
buildings. Collected roof water is kept in separate cisterns for non-potable 
uses. A rainwater harvesting and utilisation system exists in the Changi 
Airport. Rainfall from the runways and the surrounding green areas is diverted 
to two impounding reservoirs. The water is used primarily for non-potable 
functions such as fire-fighting drills and toilet flushing. Such collected and 
treated water accounts for 28 to 33% of the total water used, resulting in 
savings of approximately S$ 390,000 per annum (UNEP, 2005). Figure 1.6 
shows a schematic of a rainwater harvesting cistern. 
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Figure 1.6 Rainwater harvesting cisterns. 
 
1.3.3. Desalination 
The concept of retrieving fresh potable water from saltwater is one of the most 
viable and economic technologies practiced in the current scenario. 
Desalination, as the name suggests, refers to the removal of ionic salts from 
seawater or brackish water, hence making it ‘salt-less’ and rendering it pure 
for drinking. While comparing ocean water desalination to wastewater 
reclamation for drinking water, desalination is the preferred option, while 
water reclamation caters to irrigation and industrial uses (Cooley et al., 2006).  
Desalination can be achieved both by membrane and thermal driven processes. 
Nowadays, RO membranes are widely adopted to desalinate seawater. It 
involves application of pressure on the seawater side, overcoming the osmotic 
pressure difference between the seawater and permeate water side separated 
by a semipermeable membrane. Hence, the water flux is in a direction 
opposite to natural osmosis process. The semipermeable membrane rejects 
almost all the dissolved salts and organic species, allowing only water 
molecules to pass through. Thermal processes involve the principle of 
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distillation, wherein saline water is heated to its boiling point and condensed 
to obtain the purest form of water. The same can also be obtained at reduced 
pressure at much lower temperatures. Multiple-Stage Flash (MSF) distillation 
uses this concept. In this process, the seawater is heated at initial stage from 
waste heat or heat recovery units. In the subsequent stages, the heat of 
condensation from the condensing seawater is supplied to the initial stages, 
thus recovering energy to a certain extent. The thermal desalination 
technologies can be economically exploited in arid or semi-arid regions where 
temperatures soar high or where heat is readily available (cogeneration plants), 
thus reducing energy loads. These technologies have managed to produce 
potable water on a large scale, thus reducing the load on the depleting inland 
reservoirs and lakes. However, one concern is the energy intensiveness of 
these processes. The RO systems tend to consume considerable energy owing 
to the high pressure pumps that force the saline water across the membranes. 
Thermal processes may also seem to expend excess energy if no waste heat or 
reuse heat is readily available. 
Recent literature elucidates the energy consumption (Mezher et al., 2011) 
patterns between the membrane and thermal processes. While the RO systems 
consume 4-8 kWh.m-3 energy for seawater, the MSF systems consume 3-5 
kWh.m-3 of electrical energy plus about 45 kWh.m-3 of thermal energy. The 
produced water costs for the RO process is about 1 USD.m-3 while for the 
MSF process varies from 0.9 - 1.5 USD.m-3. Figure 1.7 (GWI, 2010) gives a 
breakdown of the relative operating costs of RO and MSF plants. As shown, 
RO process costs 0.76 USD.m-3.day-1 while MSF costs 1.07 USD.m-3.day-1. 
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The MSF is feasible in cogeneration units where waste heat is easily 
accessible and can still be considered as a viable option. However, worldwide, 
the membrane processes have been taking a lead in the desalination market 
compared to thermal processes as shown in Figure 1.8. Figure 1.9 gives a 2016 
projection (GWI, 2010) of the annual contracted capacity of SWRO processes 
at 8.5 million m3.day-1, while that of thermal processes being 2 million  
m3.day-1. This shift towards the membrane technology is not only due to the 
energy concern, but also the environmental impact. The brine discharge in the 
MSF is 10-15o C higher than the ambient, while that in the RO process is at 
ambient temperature, but at a higher salinity. Hence, when choosing the best 
desalination system, all the above factors are considered and an optimized- 
hybrid system is designed. A classic example of such a hybrid system is 
demonstrated in the Fujairah plant at UAE (UN, 2009). It consists of a series 
of MSF and RO systems producing 454,000 m3.day-1 of potable water. Such 
hybrid systems are highly optimized and extend flexibility towards electrical 
power dependence (Sanza et al., 2007). Table 1.1 gives an overview of the 
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Table 1.1 Membrane and thermal desalination processes 
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membranes, costs of desalination in terms of pretreatment or low energy usage 
and ‘green desalination’. 
Seawater intake.  One of the prime concerns over the seawater intake facilities 
is the impact on marine life mortality of plankton, fish eggs and larvae. It 
occurs due to the impingement and entrainment of organisms against the 
screens of intake structures, when seawater is pumped in at excessive suction 
pressure at feed inlet. If intake pipes are located deeper in parts of a bay, there 
shall be fewer organisms that will be impinged or entrained. Other suitable 
improvements include the use of beach wells that eliminate this concern; 
however, they demand higher energy and capital installation costs. 
Concentrate management. Brine refuse is of particular environmental concern 
owing to its high salinity, temperature and membrane cleaning chemicals as it 
is expelled into the ocean floor causing great risk to ecosystems thriving there. 
One of the methods to counter this is to split off the brine discharge line into 
many branches, each one releasing the brine gradually along its length through 
small diffuser nozzles; hence diluting it quickly along the discharge points. 
Green Desalination. Though the RO energy consumption might come down 
below 3 kWh.m-3, the carbon footprint of large desalination plants could be 
very high (Elimelech and Phillip, 2011). In order to make desalination 
technology green, and to be less dependent on the depleting fossil fuels, 
renewable sources are being exploited to power the RO systems. Apart from 
the conventional fossil fuels that impart the necessary electric energy for RO 
systems, some renewable energy sources (Greenlee et al., 2009) like wind, 
solar power, wave power, tides and hydrostatic head can drive the electrical 
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input for RO plants. A 125,000 m3.day-1 membrane desalination facility in 
Perth, Australia, is one of the first examples of using wind energy to power 
desalination at such a large scale (National Academies Press, 2008). With wind 
energy being abundant near coastal regions, it aids the RO plant desalination 
energy requirements. Spain currently utilizes wind powered generators to run 
the RO plants (Rybar et al., 2005). Solar photovoltaic cell-RO seawater plants 
have been catching attention these days (García-Rodríguez, 2003). Sunlight is 
tapped and converted into electrical energy using photovoltaic cells and the 
energy produced this way can run the RO plant. However, in the current 
scenario, the cost of the photovoltaic cells is very high.  
Energy consumption. The theoretical minimum amount of energy required for 
seawater desalination, with zero percent recovery, i.e., removal of very small 
amount of water from a very large amount of seawater is 0.70 kWh.m-3 
(Shannon et al., 2008). This theoretical minimum increases to 0.81, 0.97 and 
1.29 kWh.m-3 for recoveries of 25, 50 and 75%, respectively as shown in 
Figure 1.10. This suggests that improvements in RO energy efficiency are still 
manageable. 
                             
Figure 1.10 Plot of theoretical energy consumed for seawater desalination against recovery (Elimelech 
and Phillip, 2011). 
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The average energy consumed in desalination processes, in practical terms, is 
3-10 kWh.m-3 based on whether it is a membrane or thermal desalination 
process. This is based on the fact that an additional 1 kWh.m-3 of energy is 
consumed by various desalination stages like the intake, pretreatment, post-
treatment and brine discharge (Elimelech and Phillip, 2011). The current drive 
to lower the energy consumption of plants using energy recovery devices has 
helped reduce it to 2 kWh.m-3. Moreover, provided that better fouling-resistant 
RO membranes are synthesized, under ideal conditions, as low as 1.58 
kWh.m-3 of energy could be consumed at 42% recovery (Shannon et al., 
2008). Other low energy substitutes for desalination are also on the lookout. 
1.3.4. Low energy alternatives to desalination 
The energy consumed by membrane processes is large because of the high-
pressure pumps that push salt water across the semipermeable membrane to 
produce fresh water. Owing to such energy intensiveness, alternative low-
energy technologies are on the lookout. A few alternative desalination 
technologies like membrane distillation, freeze desalination and capacitive 
deionization have also been explored (National Academies Press, 2008). The 
Forward Osmosis (FO) process has recently become the focus of research, due 
to its resemblance to the RO process. However, the FO process makes use of 
the osmotic energy of the concentrated solution to draw the solvent (but not 
the salts) from the dilute-solution side across the membrane. According to the 
National Geographic Magazine Issue on Water (dated April 2010) and other 
literature (Elimelech and Phillip, 2011), currently, there are a few technologies 
promising to reduce the energy requirements of desalination by up to 30%. 
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i) Forward Osmosis (to be elaborated in Section 1.4); 
ii) Carbon nanotubes. Holt et al. (2006) have developed carbon nanotubes (< 2 
nm internal diameter) that allow water flows about three orders of magnitude 
greater than theoretical models. The water flow rates are higher because of the 
supposed ‘water wires’ in the confined space inside the nanotube. An electric 
charge at the nanotube mouth repels positively charged salt ions, while the 
uncharged water molecules slip through with little friction, reducing the 
pumping pressure and therefore reducing the energy consumption.  
iii) Biomimetic membrane. Proteins such as aquaporins are known to allow the 
transport of water molecules alone, while ion channels, being highly selective, 
allow specific ions to pass through. Scientists are trying to mimic the same 
principle of these living cells to prepare membranes that would allow easy 
transport of water, while rejecting unwanted ions (National Academies Press, 
2008). Water molecules would pass through channels made up of aquaporins 
that would efficiently conduct water in and out of the living cells. A positive 
charge near each channel’s centre would serve to repel salts (Brady, 2009). 
Figure 1.11 shows a simulated aquaporin membrane. 
                     
Figure 1.11 Lipid aquaporin membrane tethered to a porous substrate. 
 
iv) Continuous electrodeionization (CEDI). Siemens Water Technologies has 
recently reported of a new technology based on applying an electric field to 
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seawater that abstracted the cations and anions in the water through ion 
exchange membranes, desalinated about one cubic meter of water while using 
only 1.5 kWh of energy. This is about half of the energy that other processes 
use (Siemens, 2008). This new energy-saving system uses electrodialysis as 
shown in Figure 1.12. It extracts positively and negatively charged ions from 
the water by means of an electric field. Special membranes, that only allow a 
single type of ion to pass through, create channels that collect either the 
resulting brine or the purified water. However, the process becomes inefficient 
as the salt concentration declines because of increasing water’s electrical 
resistance. Hence, a continuous electrodeionization (CEDI) system can be 
used to extract the last fraction of salt. In this system, ion exchange resins 
located between the membranes capture the ions and transport them away 
from the water. This technology is currently being run on pilot scale and was 
to be commercialized by May 2012. 
              
Figure 1.12 Electrodeionization technology. 
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1.4. Synopsis - FO process  
Since forward osmosis process is the focus of research for this thesis, a 
detailed overview of the FO process concept, membrane type, membrane 
orientations and its history is presented in this section. 
1.4.1. Forward Osmosis concept  
Osmosis is a natural phenomenon in which a solvent flows from high water 
chemical potential region (i.e., dilute solution) to a low water chemical 
potential region (i.e., concentrated solution) when separated by a semi-
permeable membrane. This occurs because of the high osmotic pressure of the 
concentrated solution which pulls the water from the dilute solution side, 
while the membrane prevents the passage of solute molecules (i.e., dissolved 
salt and other impurities). Osmotic pressure is the pressure which, if applied to 
the more concentrated solution side, would prevent transport of water across 
the semi-permeable membrane. In RO process, which is a popular commercial 
desalination technique, hydraulic pressure is applied on the concentrated salt 
solution side, to drive water molecules across the membrane, and hence 






Figure 1.13 Reverse osmosis and forward osmosis process. 
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Osmosis is a slow process since it occurs naturally by concentration gradience, 
hence its throughput flux may be low. Moreover, the diluted draw solution so 
produced needs to be treated further to produce potable drinking water. To 
counter osmosis, RO process provides a one-shot solution of tackling high 
throughput with direct permeate, i.e., potable water production. However, this 
is at the expense of high pumping energy on the concentrated solution side. In 
the past, energy conservation was not a great concern as long as the requisite 
purpose of obtaining potable water was solved. This was sufficient to leverage 
the RO process as the sole contender for large scale potable water production.  
Osmotic membrane process is being reviewed and researched recently. The 
prime reason is to lower energy consumption, which is of utmost concern 
today. Osmosis also benefits from lower fouling propensity because it does not 
push feed water across the membrane but instead sucks or pulls water across 
it, therefore reducing the compactness of the foulant layer so formed on the 
membrane surface (Mi and Elimelech, 2010). In addition, even though the 
formulation of an ideal FO membrane was lacking in the past, recent 
developments have increased the potential of FO process. The commercial 
breakthrough in the FO process was initiated by the Hydration Technologies 
Innovations Inc., USA for the innovative emergency drinking water bags (HTI, 
2006). These bags contain a FO membrane sheet interspersed between two 
partitions, one having a highly concentrated sucrose solution (used as an 
osmotic agent), while the other is filled with dilute water or left empty. When 
contaminated water (i.e., non-potable water) is passed through the empty side, 
due to the natural osmotic process the solvent water on the contaminated side 
moves across the membrane towards the concentrated sucrose solution side, 
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but not the foulants and other contaminants. This could, in turn, be used as a 
drinking water source during emergency situations. Forward osmosis has been 
catching up as a promising technology to extract potable water owing to its 
lower energy intensive factor and low membrane fouling propensity. Table 1.2 
depicts the pros and cons of the FO process. 
 
Table 1.2 Forward osmosis process: Advantages and Limitations. 
1.4.2. Pressure Retarded Osmosis (PRO) 
At estuaries where fresh water and seawater conjoin, immense osmotic 
pressure is expended due to dilution. In this process, a semipermeable 
membrane is interspersed between seawater and freshwater and a hydraulic 
pressure lower than the osmotic pressure of seawater is applied on the 
seawater side (i.e., the saline solution side). The increase in water flux due to 
osmosis aids in pushing the piston on the salt solution side to run the turbine 
and hence generate power. Thus the term is coined aptly as ‘osmosis at a 
retarded pressure’, i.e., Pressure Retarded Osmosis. Figure 1.14 represents the 
schematic of a PRO process. 
Advantages Limitations 
 Low/no hydraulic pressure  
 High rejection of the 
membrane              (> 99%) 
 Lower fouling propensity 
compared to pressure driven 
membranes 
 Simple equipment (without 
high pressure pumps) 
 
 Extraction of fresh water from 
draw solution 
 Draw solution 
reuse/reconcentration 
 Lack of an ideal FO membrane 
 Concentration polarization effects 
(Internal and External) due to FO 
membrane’s inherent structure 
 Limited information on FO fouling 
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Figure 1.14 Schematic of a PRO process. 
 
1.4.3. Membrane Orientation  
There exists two membrane orientation modes (Cath et al., 2006), i.e., the FO 
membrane could be exploited in either orientation mode for typical 
applications. Table 1.3 portrays the parameters and applications of FO and 
PRO mode. Figure 1.15 shows the schematic of both the processes. 
Table 1.3 Membrane orientation modes. 
 FO mode PRO mode 









High fouling applications like 
emergency drinking water; 
controlled drug release and 
food processing applications 











The first osmotic effect was reported by Abbe Nollet in 1748. Later in 1877, 
Pfeffer performed an experiment using semi
sugar solution from pure water. He showed that the osmotic pressure of the 
sugar solution was directly pr
absolute temperature. In 1886, Vant Hoff identified an underlying 
proportionality between osmotic pressure, concentration and temperature. He 
revealed that osmotic pressure is proportional to concentration a
temperature, and the relationship is described by 
Π = ØCRT                                                                           
where Π represents the 
is the solution molar conce
is the absolute temperature, K.
 
Figure 1.15 FO and PRO mode. 
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Osmotic pressure is a colligative property, which depends on the concentration 
of the solute that contributes to osmotic pressure. Solutions of different 
concentrations having the same solute and solvent system exhibit an osmotic 
pressure proportional to their concentrations. 
The research pertaining to the forward osmosis (FO) dates back to the 1970s 
when  Norman (1974) introduced the concept of water salination as an energy 
source. Considering this as a viable option, Loeb (1975) proposed that the 
Dead Sea, which contains about 26% dissolved salts could be more 
economically exploited for salination as against seawater in other oceans, 
which contains about 3.5% dissolved salts. Loeb was the first to coin the term 
'Pressure Retarded Osmosis' utilizing the osmotic energy of the seawater at a 
pressure much lower than that required in the RO process to generate 
electricity. Later, Kessler and Moody (1976) devised a forward osmosis 
extractor system to draw fresh water from seawater for emergency potable 
water supplies. The inspiration towards this novel concept should have 
certainly been from the ‘Mother Nature’. Even the nature beholds this theory 
of osmosis, typically in biological cells, trees and plants. In plants, the 
absorption of soil water by root hairs occurs through the elevation of the liquid 
to the leaves of the plant. The living cells of both plants and animals are 
enclosed by a semi-permeable membrane, which regulates the flow of the 
liquids, dissolved solids and gases into and out of the cell. 
Following the developments by Kessler and Moody, Mehta (1982) and Loeb 
(1978a, 1978b) conducted osmotic and PRO tests on various membranes to 
relate the water permeability coefficient and the membrane salt rejection as a 
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function of osmotic pressure. Additionally, Lee et al. (1981) used the FO 
process for power generation, using the salinity gradient derived from mixing 
of seawater and freshwater. However, its economic feasibility laid in the 
synthesis of a specific membrane for the FO process and due to the limitation 
of a suitable membrane then, this process was dropped until Elimelech and co-
workers extensively reviewed it in the past decade (Cath et al., 2006). 
1.5. Problem Statement 
1.5.1. Organic fouling of Forward Osmosis process 
Until now, research on FO process has been dealing with concentration 
polarization effects, viability of the process and choice of the apt draw 
solution. One major issue would be the fouling of these membranes due to a 
multitude of feed solutions used, encompassing different feed water qualities 
with variable organic loads. Membrane fouling can create profound impact on 
the membrane flux and can considerably reduce the flux thus offsetting the 
plant productivity. Apart from the usual operating costs incurred in a plant, 
regular backwashing and membrane cleaning to prevent fouling are pertinent 
since they help impart flux stability and membrane life longevity. Hence, there 
is a necessity to study the FO fouling and cleaning strategies in depth. 
The current study is dedicated to investigating the organic fouling impact on 
the FO membrane. The foremost approach, unlike other studies, which have 
dealt with model organic foulants, is to use a typical feed solution with actual 
foulants, which could bring in clear relevance to the study of fouling. To 
achieve this, RO brine, which is a prime source of organics, in the form of 
natural organic matter (NOM), was concentrated several times to obtain the 
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desired stock solution for subsequent tests. The stock solution was diluted 
suitably to prepare the feed solution. Furthermore, the membrane operation 
was governed simultaneously by two flux-impeding factors, namely, 
concentration polarisation (CP) and fouling. Fouling studies on FO by others 
mostly assessed the effects of both solution concentration and fouling effects 
together. However, in order to study fouling alone, it was intended here to 
nullify the effects of solution concentration continuously over the test 
duration. Both low and high organic concentrations were tested for the fouling 
of FO membranes. Based on previous research works on organic fouling of 
forward osmosis membranes, this study focused on the following issues: 
∗ Conduct fouling studies with actual feed water sample. 
∗ Understand the fouling impact with organic load variation. 
∗ Decouple the impact of solution concentration for fouling study. 
∗ Perform experiments for extended durations (about 48-h). 
∗ Understand the applicability of mechanical/chemical cleaning of 
membrane after flux decline. 
∗ Determine the water flux recovered after cleaning. 
1.5.2. Seawater fouling and boron rejection studies of Forward Osmosis 
process 
Both membrane and thermal desalination technologies have managed to 
produce potable water on a large scale, thus reducing the load on the depleting 
inland reservoirs and lakes. However, one concern is the energy intensiveness 
of these processes. The RO process tends to consume considerable energy 
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owing to the high pressure pumps that force the saline water across the 
membranes. Moreover, thermal desalination technologies can be economically 
exploited in arid/semi-arid regions where temperatures soar high or where heat 
energy is readily available, i.e., cogeneration plants, thus reducing energy 
loads. RO membranes are also sensitive to fouling by dissolved species, 
particulate matter, salt precipitates and microorganisms. As such, pretreatment 
of the raw feed water is often required in RO systems, especially for those 
employed in seawater desalination. In addition, there is a rising concern over 
the boron seepage from the feed seawater to the permeate across the RO 
membrane. The boron rejection of a standalone RO membrane is about 80 - 
90%. This could be improved by a second pass RO with high pH or a boron 
ion exchange resin column at the end of the treatment plant. Such treatment 
combination could help increase the overall boron rejection to 95%. 
Owing to the concern over energy intensiveness across the globe, more low-
energy technologies for desalination are being sought. FO process could very 
well deal with low energy concern since it uses the chemical potential energy 
of the draw solution to ‘suck’ potable water from used water or seawater 
instead of the energy-consuming high-pressure pumps utilised in the RO 
process or the distillation columns of thermal processes. The apparent energy 
consumption for desalination by FO could be scaled down to less than 2 
kWh.m-3. Moreover, it is intended to study the boron rejection profile for the 
FO process in conjunction with nanofiltration (NF) system to produce potable 
water. Apart from the various applications of FO as referenced in the literature 
(Cath et al., 2006), it could prudently be exploited for seawater desalination 
due to its low energy consumption and a lower fouling potential than RO. This 
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study shall help gauge the viability of the FO process for desalination and 
boron rejection. Therefore, it was intended to research the seawater fouling 
and boron rejection potential of the FO membrane, impact of pretreatment of 
seawater using microfiltration (MF) process, system recovery and reverse 
draw solute diffusion into the feed seawater.  
1.6. Research objectives   
The purpose of this PhD thesis is to explore the fouling and process feasibility 
of FO for different feedwater applications. The thesis consists of two phases 
(Fig. 1.16). Phase 1 investigates the organic fouling of FO process and phase 2 












In phase 1, it was intended to study the organic fouling behaviour in different 
membrane orientation modes using a 
effluent. The objectives of phase 1 are a
i) To prepare a real stock solution of organics by concentrating the secondary 
effluent using cation exchange resin and RO process.
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Figure 1.16 (a) Thesis outline phase 1; and (b) phase 2.
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ii) To investigate the difference in fouling mechanisms in FO and PRO mode. 
iii) To understand the variation of hydrodynamic (crossflow velocity variation, 
usage of feed spacer, etc.) and chemical (organic concentration variation, 
presence of calcium ion) parameters on the fouling in FO mode. 
iv) To assess the FO membrane cleaning techniques after fouling and 
investigate flux recovered after cleaning. 
v) To investigate the fit of the cake formation model and determine fouling 
layer resistances in FO mode. 
Phase 2 of research involved evaluating the Forward Osmosis-Nanofiltration 
(FO-NF) hybrid system for potable water production from seawater. The 
following are the goals in Phase 2: 
i) To evaluate the boron rejection and fouling of the FO membrane in actual 
seawater conditions as a function of various parameters like seawater pH, 
boron concentration, and reactor hydraulic retention time (HRT). 
ii) To verify the feasibility of potable water production (conforming to the 
WHO guidelines) from the diluted draw solution using NF process. 
1.6.1. Research significance  
The results presented in the current study shall give better insights on the 
fouling propensity of cellulose triacetate (CTA) based FO membrane in both 
orientation modes for different feedwater conditions, namely, feedwaters with 
variable organic concentrations and seawater. Low organic concentration 
range (10-50 mg/L organic TOC) and high organic concentration range (200 
Chapter 1  Introduction 
 Page 34 
 
mg/L TOC) were investigated to provide a clear distinction in the fouling 
propensity of the membrane over a given range of organics. In addition, the 
FO membrane was assessed for feasibility in long term applications to produce 
potable water from seawater.  
1.7. Summary  
Based on the review of previous work conducted by FO researchers, it is 
understood that more extensive organic fouling research and FO desalination 
feasibility studies in actual seawater conditions is necessary. The following are 
the main focus of research areas to be investigated in this PhD thesis: 
1.7.1. Organic fouling study - Variation of membrane orientation  
In the first stage of this thesis, it is intended to investigate and compare the 
rate of flux decline in both FO and PRO modes, and reason out the flux 
decline in the dense and the porous layers of the membrane. With the objective 
of studying fouling, the membrane morphologies would be analyzed using 
atomic force microscopy (AFM), scanning electron microscopy (SEM), 
energy dispersive x-ray (EDX) and Fourier transform infrared spectrometry 
(FTIR). Tang et al. (2010) studied the fouling effects in both orientation 
modes stating that the flux decline is more severe in the PRO mode compared 
to the FO mode. However, the duration of the study was only for 8-h. In 
addition, only a single organic load dosage was studied (10 mg/L organics). In 
contrast, the present study deals with organic loads of 10, 30 and 50 mg/L 
concentration TOC, with and without calcium inclusion. The current studies 
are carried out over a longer duration of 24-h with crossflow velocities of 50 
cm.sec-1, corresponding to a Reynolds number of 1800 - 2000. Increasing the 
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crossflow to a turbulent profile is expected to reduce the fouling theoretically; 
however, this should be confirmed experimentally, by optimizing the typical 
crossflow velocity. Variations in fouling profiles of both orientation modes are 
investigated and subsequent fouling mechanisms are determined. 
1.7.2. FO mode fouling - Impact of organic load, cleaning reversibility - 
fitting fouling models 
Based on the results from previous experiments in the first part of the thesis, 
this part of study will be dedicated to comprehending the organic fouling 
mechanism in the dense layer facing feed solution and to develop a cake 
formation fouling model. As per the FO fouling experiments conducted by the 
Yale group (Mi and Elimelech, 2008; Mi and Elimelech, 2010), only a single 
organic load, i.e., 200 mg/L alginate with 0.5 mM Ca2+ ion, was investigated 
to obtain a fouling flux decline. The literature available to date on FO fouling 
encompasses tests for time durations of about 24-h. Since fouling is a long 
term dynamic process, longer operation running time is required to investigate 
the effects of fouling and to explore membrane cleanability. In this study, 
fouling experiments are carried out by decoupling the effects of solution 
concentration and fouling. To achieve this, FO fouling experiments are 
conducted over a period of 2 continuous days, with intermittent mechanical 
cleaning. Two organic concentrations; namely, 100 mg/L and 200 mg/L TOC 
with 0.5 mM Ca2+ are investigated. 
In addition, lower crossflow velocities (about 6.8 cm.sec-1) are investigated to 
study the fouling profiles. Physical cleaning techniques are assessed and 
subsequent flux decline profiles studied. The necessity of chemical cleaning of 
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the FO membrane is investigated. Additionally, post-cleaning flux recovered 
and therefore, the degree of fouling irreversibility will be measured. Based on 
flux decline profiles obtained at various organic loads, as well as membrane 
and cake layer resistances, a fouling model is to be developed. Finally, the 
necessity of feed spacers to avert FO membrane dense layer fouling and 
concentration polarization will be investigated. 
1.7.3. Seawater desalination using FO-NF process 
The final part of the thesis evaluates the feasibility of FO for seawater 
desalination. Particular interest is given to boron leakage from seawater into 
the draw solution, to verify whether it could be kept within the WHO 
guideline of 2.4 mg/L for drinking water systems. In addition, the adaptability 
of the FO membrane is put to test with seawater being filtered continuously 
across the membrane over a 60-d period. Experiments are to be conducted 
with seawater pretreatment and with no prior pretreatment to analyze the 
degree of fouling on the FO membrane surface. Direct photographic, digital 
microscopic and SEM imaging are to be utilized to analyze scaling and 
organic deposition on the FO dense membrane layer. FTIR and ion 
chromatography (IC) techniques will be used to determine the scaling and 
organic fouling composition on the membrane surface.  
The extent of boron rejection by the FO membrane is investigated at 1-h, 12-h, 
1-d and 3-d hydraulic retention time (HRT). Furthermore, the extent of FO 
membrane rejection is assessed at different seawater boron concentrations, i.e., 
4, 10 and 15 mg/L, respectively. Finally, NF membrane is used to 
reconcentrate the draw solution and the extent of boron rejection by NF 
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membrane is also analyzed. The main objective is to evaluate if the FO-NF 
system could synergistically produce potable water, with boron concentrations 
within the WHO limits of 2.4 mg/L. NF rejection tests will also be conducted 
under various pH conditions to understand boron rejection by the NF 
membrane and to optimize the most desirable pH for boron rejection. In short, 
these set of experiments are conducted to evaluate the FO-NF process for 
seawater desalination and validate its credibility in terms of boron passage, 
water flux and fouling potential of the FO membrane. 
Having given a clear insight and concerns about the FO process and 
performance, the following will be the key points to be investigated in this 
study: 
∗ FO membrane organic fouling in FO and PRO mode, impact of 
variable organic load and calcium ion in feed solution. 
∗ Analyzing the fouling reversibility of the FO membrane under different 
operating conditions and determine membrane cleaning techniques. 
∗ Development of a model for FO membrane fouling. 
∗ Typical boron rejection of FO membrane with actual seawater feed 
conditions for an extended duration of time, atleast 60 continuous days. 
∗ Variation of seawater feed pH to evaluate changes in boron rejection 
by FO membrane. 
∗ Evaluate the flexibility of the FO membrane against membrane fouling 
with and without MF-pretreatment. 
∗ Optimization of FO-NF synergistic process to produce permeate of 
potable quality from seawater with Na2SO4 as the draw solute. 
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1.8. Thesis organization 
This thesis is divided into the following chapters: 
Chapter 2 - Literature Review 
Chapter 2 gives a detailed review of the current state of the FO process, its 
applications, limitations and a summary of the literature available till date in 
relation to FO process organic fouling. In addition, current seawater 
desalination technologies have been reviewed with respect to aspects of boron 
rejection and fouling. Recent literature on FO process for seawater 
desalination is also presented. 
Chapter 3 - Materials and Methods 
The experimental setup, operating parameters, organic stock and feed solution 
preparation, membrane testing techniques and water analyses techniques are 
detailed in Chapter 3.  
Chapter 4 and 5 - Organic fouling of FO process 
The experimental results of forward osmosis organic fouling in the FO and 
PRO mode, membrane fouling reversibility studies, cleaning techniques along 
with a fouling model development are elucidated in Chapters 4 and 5.  
Chapter 6 - Seawater desalination by FO-NF process 
In this chapter, seawater desalination feasibility using the forward osmosis-
nanofiltration synergistic process has been evaluated for boron rejection, 
membrane fouling and potable water production. The final product water 
quality has been compared to the WHO drinking water guideline. 
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Chapter 7 - Conclusions and Recommendations 
Finally, major findings of this research are summarized along with 
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2. Literature Review  
In this review, a detailed discussion about the current status of FO and its 
applications is highlighted. Furthermore, FO membrane organic fouling 
research pursued so far has been elaborated. Following this, various membrane 
fouling models is discussed. Finally, an analysis of various aspects of seawater 
desalination such as boron rejection and membrane fouling is presented. The 
viability of FO for seawater desalination has been elucidated and subsequent 
challenges for FO have also been addressed. 
2.1. Current FO Status 
The FO process encompasses the advantages of lower or no hydraulic 
pressures and lower fouling rates, as compared to the RO process. The recent 
years have seen extensive FO research on: 1) deducing the best possible draw 
solutions for the FO process (Kessler and Moody, 1976; Kravath and Davis, 
1975; McGinnis et al., 2007); 2) concentration polarization phenomena (Gray 
et al., 2006; McCutcheon and Elimelech, 2006; Mccutcheon and Elimelech, 
2007; Tan and Ng, 2008); 3) novel FO membrane synthesis techniques 
(Beaudry, 1997; Herron, 2006; Ng and Duan, 2009); 4) fouling of the FO 
membranes (Achilli et al., 2009; Cornelissen et al., 2008; Mi and Elimelech, 
2008; Mi and Elimelech, 2010) and; 5) simulation of FO membrane processes 
(Jung et al., 2011). The following is a brief description of applications of the 
FO process. 
2.1.1. Landfill leachate concentration  
The process involves the concentration of a dilute landfill leachate (Cath et al., 
2006), which is a composite mixture of heavy metals, organic and inorganic 
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substances. The FO process was selected because it was more competent and 
convenient compared to other concentration processes such as vapour 
compression, falling films and forced circulation processes. At the Coffin 
Butte Landfill in Corvallis, Oregon, a full-scale FO concentration system in 
combination with low pressure RO was launched. The raw leachate was 
pretreated before water extraction in 6-stage FO cells. The diluted draw 
solution line was connected to a 3-stage RO system in order to generate 
purified water for land applications. The concentrated leachate was solidified 
before disposal. Figure 2.1 shows the flowchart for the landfill leachate 
treatment process. 
                            
Figure 2.1 FO leachate concentration process - flow diagram. 
 
2.1.2. Seawater desalination 
Seawater desalination using FO process requires an osmotic agent (draw 
solution) more concentrated than seawater in addition to being easily 
reconcentrable. Several draw solutions have been experimented, such as 
sodium chloride, magnetoferritins, ammonia-carbon dioxide, magnesium 
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chloride and sodium sulphate. The best possible draw solution is one that can 
easily be separated from the solvent water molecules, to produce potable water 
and also be reconcentrated easily to function as a draw solution. In addition, 
low cost, low toxicity and reduced reverse solute passage are some prime 
factors to be considered. The following is a glimpse of some draw solutions 
that have been tested for seawater desalination. 
2.1.2.1   Ammonia-Carbon dioxide system 
The seawater acts as the feed solution, while the concentrated ammonium 
bicarbonate acts as the draw solution. Water is extracted from seawater that 
dilutes the draw solution. The diluted draw solution is heated at 60oC to 
separate off ammonia and carbon dioxide in a distillation column. The 
degasified water is potable, while the ammonia and carbon dioxide are 
recombined to form an ammonium bicarbonate solution for reuse as draw 
solution. Figure 2.2 shows a schematic of the process (McCutcheon et al., 
2005; McCutcheon et al., 2006). However, this process did not turn out to be 
energy efficient owing to the use of distillation column for the stripping of 
ammonium bicarbonate. Furthermore, when handling such draw solutes, 
complete removal of the solute from potable water is a must, which otherwise 
might cause drinking water hazards. To date, there has not been any further 
information pertaining to large scale commercialization of this process. 
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Figure 2.2 Ammonia-carbon dioxide draw solution in FO process. 
 
2.1.2.2. Magnetoferritins 
Magnetoferritins (NanoMagnetics Ltd., UK) are magnetic particles surrounded 
by uniform hollow protein spheres that are about 12 nm in diameter (Figure 
2.3). Because they are water soluble, they could be used as potential osmotic 
agents. The main advantage of these magnetoferritins is that they can be easily 
separated from the solvent using a magnet to obtain potable water. 
Furthermore, they could also be reconcentrated back to the draw solution for 
the extraction of solvent across the membrane (Oriard and Haggerty, 2007). 
Magnetic nanoparticles were synthesized by Ling et al. (2010) using thermal 
decomposition of iron (III) acetylacetonate with polyacrylic acid (PAA) and 
triethylene glycol. The polyacrylic acid imparted hydrophilicity to the 
nanoparticles making them completely soluble in water. The water flux 
achieved this way was as high as 17 LMH in PRO mode and 9 LMH in FO 
mode for 0.09 mol/L polyacrylic acid nanoparticles and 3.6 nm particle size. It 
was noted that, as the particle size decreased, the water flux across the 
membrane increased, but at the expense of lower particle recovery after 
reconcentration. Recently, such PAA nanoparticles were utilized for seawater 
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desalination using ultrafiltration as a medium of reconcentration for the diluted 
draw, i.e., nanoparticle solution. The draw solute could be recycled and reused 
several times with a slight reduction in solution osmotic pressure (Ling and 
Chung, 2011). Furthermore, dextran-coated magnetite nanoparticles (~ 30 nm 
in size) were used as a typical draw solute for FO process (Bai et al., 2011). 
Dextran being highly hydrophilic makes the otherwise strongly water-
repelling Fe3O4 particles easily soluble in water. A 2M dextran nanoparticle 
solution imparted a water flux of 8 LMH, due to a larger nanoparticle 
diameter. Despite these advancements, the feasibility of using them as a draw 
solute is yet to be proven and commercialized on a large scale.  
 
     
                 
Figure 2.3 Magnetoferritin structure (NanoMagnetics Ltd., UK). 
 
Currently, the main concern resides with the reusability of these nanoparticles 
after several cycles of reconcentration. This is because, upon subsequent reuse, 
the magnetic properties of the nanoparticles tend to diminish. Moreover, it 
should be noted here that such systems may not be feasible on a large scale, 
due to the large bar magnets that would be used for reconcentration of the 
draw solution. The scaling up of a large super magnet for the reconcentration 
process is a challenge. 
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2.1.2.3. Forward Osmosis Pressurized Reverse Osmosis 
The forward osmosis pressurized reverse osmosis (FOPRO) (Lampi et al., 
2005) consists of a closed cylindrical housing assembly with an FO end and an 
RO end, as well as a piston or baffle assembly located between the FO and RO 
ends. When the water permeates through the FO membrane from the seawater 
or brackish water to an osmotic agent (e.g. brine, sodium chloride, potassium 
chloride, dehydrate sea salt, an inorganic salt, etc.), hydraulic pressure is 
generated and the piston or baffle is pushed ahead. It acts to transmit hydraulic 
pressure generated by the FO element to drive the RO process to separate salt 
from salt water and generate potable water from feedwater with a high salt 
content (such as seawater, urine, sweat, brackish water, etc.). The device 
generates drinking water from salt water without any input of external energy, 
simply by using the hydraulic energy generated by the FO device. Here, FO is 
used as a pretreatment prior to RO. It should be noted here that the process 
does not need extra pumping pressure, hence lowering the operating costs but 
has a high initial capital cost due to the two membranes (FO and RO) used in 
series. 
2.1.3. Osmotic Pumps (Pharmaceutical Industry) 
Osmotic drug delivery can be traced back to 1955 (Rose and Nelson). 
Controlled drug delivery system to the body has reached great heights with the 
advent of osmotic pumps, due to their precise control, accurate and timely 
drug transfer within the body, which could be delayed or pulsed as per the 
requirement of the body. Moreover, drug release is independent of gastric pH 
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2.1.5. Brine Concentration 
Tang and Ng (2008) conducted experiments on the concentration of brine, i.e., 
1M or 2M NaCl solutions, using a highly concentrated 5M fructose draw 
solution. The results showed that the dense selective layer of the FO 
membrane achieved a water flux with a high initial flux of 15 LMH, slowly 
declining to 10 LMH after 18 h. The brine volume was reduced by about 76%, 
which made disposal easier. FO applications have also been proven to be 
promising for concentrating digested sludge liquids (Cath et al., 2006). 
2.1.6. FO for fertigation  
Considering the rationale that the diluted draw solution in the FO process 
needs to be further post-treated in order to obtain potable water, some 
applications cater to the direct usage of diluted draw solutions. A recent paper 
(Phuntsho et al., 2011) elucidates the usage of the FO process for fertilizer 
irrigation, termed as ‘fertigation’. The draw solution used in this process 
contains a concentrated fertilizer solution, which is diluted subsequently using 
used water, brackish water or seawater as feed. Thus, the fertilizer solution 
produced this way can be used for irrigating fields directly. Though this 
process seems promising, there are drawbacks related to the typical 
concentration of nutrients that a plant species needs. If the diluted fertilizer 
draw solution has higher concentration of nutrients and hence requires further 
dilution using drinking water, its utilization becomes limited.  
2.1.7. FO and Microbial Fuel Cell integration 
This is a novel concept (Zhang et al., 2011) of integrating two independent 
technologies to simultaneously undergo wastewater treatment, water 
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extraction from wastewater via FO process and electricity generation using 
fuel cell technology. Both water reuse and seawater desalination could be 
potentially targeted with this concept (Figure 2.5). Wastewater is treated at the 
anode of the osmotic microbial fuel cell (OsMFC), providing organics for 
electricity generation. The water transport from anode to cathode occurs via 
the FO membrane that helps improve ionic mobility and hence electricity 
generation. The system is further connected to RO to reconcentrate the draw 
solution and produce potable water. The application pertaining to seawater 
desalination involves the use of seawater directly as draw solution along the 
cathode, which gets diluted with time. This OsMFC can then be connected to 
RO for desalination.  
                   
Figure 2.5 Applications of osmotic MFC for (a) wastewater reuse; and (b) water desalination (Zhang et 
al., 2011). 
 
2.2. FO Organic fouling literature 
Typical literature on FO membrane fouling has concentrated on a few typical 
standard foulants, such as the Aldrich humic acid (AHA), bovine serum 
albumin (BSA) and sodium alginate (Pabbi, 2009; Schäfer, 2001). There are 
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conclusive inferences on the cause of fouling due to chemical and 
hydrodynamic factors, encompassing calcium binding, permeation drag and 
shear forces for the development of a fouling layer on a membrane surface (Mi 
and Elimelech, 2008). Alginates, owing to strong intermolecular adhesion 
forces, might form a cake fouling layer irrespective of the hydro-dynamic 
characteristics. However, for BSA, with very low dependence on 
intermolecular adhesion forces, cake layer forms due to higher permeation 
drag similar to a high initial flux in a PRO system. In FO mode of orientation, 
the probability of cake formation is minimal because there is no chemical 
binding apart from the low flux conditions. For AHA, with moderate 
intermolecular adhesion forces, cake layer starts forming due to permeation 
drag. These studies comprehensively explained the fouling propensities of 
different species of organic foulants. A recent paper on cleaning reversibility 
by Mi and Elimelech (2010) further revealed that flux decline profiles in FO 
and RO may be the same; however, the flux recovered after cleaning was 
much better with a FO membrane than with a RO membrane, precisely due to 
a less compact foulant layer formed on the former. In addition, since FO is not 
pressure driven, the extent of fouling on the membrane surface was also kept 
minimal. These studies provided a noteworthy explanation of the fouling 
propensity in the FO and RO processes.  
Combined effects of Internal Concentration Polarisation (ICP) and fouling on 
the FO membrane have been investigated (Tang et al., 2010). The results 
showed that the extent of fouling in PRO was higher than in FO mode, 
because the foulants clogged the porous layer facing the feed solution. The FO 
mode was subjected to a greater ICP effect owing to the more concentrated 
Chapter 2  Literature Review 
 Page 50 
 
draw solution facing the porous layer. A model foulant, AHA, of about 10 
mg/L concentration, was added to a 0.01M feed solution for the fouling 
studies. Various draw solution concentrations (0.5, 1, 2 and 4M) were 
experimented for the same feed solution over a duration of 8-h. A critical flux 
of 40 LMH was determined to be the flux below which no fouling occurred 
over the membrane surface in PRO mode. The testing duration for these 
studies was over 8-h, but fouling should be studied over a much longer 
duration of time. Fouling studies of FO membrane have also been carried out 
using wastewater as feed solution. Cornelissen et al. (2008) have observed that 
reversible and irreversible membrane fouling was absent in FO mode of 
operation (i.e., active dense layer facing feed solution) for a period of 7-8 h; 
however, membrane fouling was more prominent in PRO mode (i.e., porous 
layer facing feed solution). FO-MBR fouling propensity has been studied by 
Achilli et al. (2009) who have shown that fouling is potentially reversible, 
after an initial phase of irreversible fouling and it was restored by 
backwashing the FO membranes. Studies conducted by Lay et al. (2011) in an 
osmotic MBR for over 70-d, showed a stable flux with mild fouling and 
scaling on the FO membrane surface. Moreover, the salt flux from the draw 
solution side to the feed mixed liquor side was also lower due to a gel-like 
layer formed on the membrane surface. 
Wang et al. (2010) conducted a series of experiments to study fouling of the 
FO membrane under direct microscopic observation. In their study, latex 
polystyrene microparticles were used as model foulants. Results showed 
excessive fouling in FO mode, with over 60% of the membrane surface 
covered with latex particles after an hour of testing. The critical flux averaged 
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28 LMH. The FO mode orientation was found to be more fouling resistant 
than the PRO mode. The impact of feed spacer on water flux was determined 
and it was shown that the deposition of foulants near the feed spacer did not 
significantly reduce the water flux. The feed spacer was able to drastically 
improve the initial flux and critical flux in the FO process. Furthermore, Zhao 
et al. (2011) suggested that organic fouling was more irreversible than 
inorganic fouling. The organic foulant used in that study was 2000 mg/L BSA 
in 0.436M NaCl, simulating seawater conditions. The inorganic foulant used 
was 0.032M gypsum. The paper concluded that FO mode orientation is 
preferable when feed solution has a higher fouling tendency while PRO mode 
is preferred for low fouling solutions. 
2.2.2 Research needs 
Based on the literature stated above, it is quite clear that FO membrane fouling 
has been studied using model organic and inorganic foulants, rather than 
actual feedwaters. In addition, all the fouling experiments were performed 
with solution concentration effects. However, when studying fouling impact 
alone, it is necessary to nullify the effects of solution concentration. Both low 
and high range organic foulants need to be tested simultaneously to check the 
extent of fouling on the FO membrane surface. In addition, little information is 
available on the impact of calcium inclusion in the organic fouling of the FO 
membranes. Furthermore, with respect to FO membrane cleaning efficiency 
and flux reversal, relevant data concerning the duration of cleaning and flux 
reversal is not succinctly available. Therefore, the aim of this thesis is to 
address these research gaps and to justify the fouling reversibility of the FO 
membrane. Based on the experimental results, there is also a necessity to 
Chapter 2  Literature Review 
 Page 52 
 
determine a cake formation model from the flux decline profiles. The next 
section summarizes a series of membrane fouling models discussed in the 
literature which could be related to the FO membrane fouling mechanism. 
2.3. Membrane fouling models 
‘Membrane fouling’ is a dynamic phenomenon that depends on parameters 
such as physiochemical properties of the membrane, characteristics of the 
fluid to be filtered and the hydraulic operating conditions of the system. It is 
responsible for the decrease of permeate flux over a period of time except 
those pertaining to membrane compaction. In general, the term is used to 
describe the undesirable formation of deposits on membrane surfaces. This 
occurs when rejected particles are not transported from the surface of the 
membrane back to the bulk stream. Figure 2.6 shows the typical flux decline 
profile of a membrane. The straight part of the curve shows cake filtration 
without compression. According to the literature (Schippers and Verdouw, 
1980), there are three zones of fouling progression, namely blocking filtration, 
cake filtration without compression, and cake filtration with compression. 
                       
Figure 2.6 Flux decline profile of a membrane (Eaux, 1996). 
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The following is a summary of various membrane fouling models. 
2.3.1. Resistances in Fouling 
The membrane inherent resistance and fouling resistances, considered 
individually can be calculated according to the general flux-resistance 













=0                                                                   (2.2) 
where J and J0 are the water flux at time t and t = 0, respectively. Rm is the 
inherent membrane resistance (m-1) without fouling, which is calculated based 
on the baseline values (no foulant in the feed solution) at the beginning of the 
experiment. Rf  is the fouling layer resistance (m-1) which is calculated from 
the flux-time profile, and µ is the solution viscosity (kg.m-1.s-1). ∆pi (atm) is the 
osmotic pressure difference between the bulk feed and draw solutions across 
the FO membrane. 
2.3.2. Flux Decline Slopes 
Based on the flux decline curves, the flux drop slopes could be determined and 
the extent of fouling variation could be quantified accordingly. However, this 
method is a mere implication of the relative fouling extent of different feed 
solutions. 
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2.3.3. Cake Filtration theory (Constant Osmotic Pressure Filtration 
Model) 
The cake filtration model describes the filtration of particles that are much 
larger than the pores and are retained, without entering the pores (Boerlage et 
al., 2002; Schippers et al., 1981; Schippers and Verdouw, 1980). The particles 
deposited on the membrane surface contribute to the resistance. According to 
the cake filtration theory, particles are retained on the membrane during 
filtration by the mechanism of surface deposition. The Membrane Fouling 
Index (MFI) is based on the cake filtration theory. It is defined as the gradient 
of the linear region found in the plot of t/V (time/filtrate volume) versus V 
(filtrate volume) from the general cake filtration equation at a constant 
pressure (Eqn. 2.3). 

 =	 ∆	 	
 +  + 																																																													(2.3)




























cR  = A
CVα
                                                                       (2.5)
 
mR  =   
0Jµ
pi∆
                                                                     (2.6)  
            		 =	  ∆	 − 	                                                         (2.7) 
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where µ represents the solution viscosity (kg.m-1.s-1); A is the effective 
membrane surface area (m2);  , 				represent the cake, membrane 
and pore blocking resistances (m-1); ∆pi (atm) is the osmotic pressure 













V. α is the specific cake resistance (m.kg-1); C represents the concentration of 
organics in the feed solution (kg.m-3) and V is the filtrate volume (m3).  
By plotting a curve of 
V
t
 versus V, the slope 
2
cK determined from the linear 
region of the curve, allows the calculation of the MFI and hence the cake 




, allows the calculation of the total membrane 
resistance and the pore blocking resistance, i.e., mR + bR . A straight line 
indicates cake filtration without compressible cake layer. Generally, pore 
blocking resistance, bR  is negligible or very small for RO membrane, owing 
to the smaller pore radii of such tight membranes. This may be applicable to 
FO membrane too but needs to be confirmed experimentally.  
Figure 2.7 represents the various zones in the t/V versus V curve. The straight 
line portion of the curvilinear profile suggests cake formation without 
compression. Generally, cake formation is reversible and can be removed by 
hydraulic washing methods (Eaux, 1996). Blocking filtration (pore blocking) 
occurs as a result of particles or natural organic matter (NOM) being adsorbed 
within the membrane pores, thus impairing the efficiency of purely hydraulic 




flux reversibility of the FO membrane has not been
and compared with the calculated values of the pore blocking and cake 
resistance of the FO membrane.
                             
Figure 2.7 Plot of 
 
2.3.4. Hermia Model 
A basic equation
(1982), who introduced the f
mechanisms. By plotting 
to determine which filtration mechanism is dominant.











 determined experimentally 
 
 
t/V versus V. Zone 1: blocking filtration; Zone 2: cake filtration; and Zone 3: cake 
filtration with compression (Eaux, 1996). 
 
 (Eqn. 2.8) leads to four filtration models derived by
iltration laws that can be used 
t/V over filtration time t and volume 
 Table 2.
, based on the exponent 
n




to describe fouling 
V, it is possible 
1 explains the 
n in the equation.  
(2.8) 
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Table 2.1 Hermia Model, fouling mechanism based on exponent n. 
n Fouling Mechanism                                  Description 
0 Cake filtration (no 
pore plugging) 
(Konieczny, 2002) 





Long term adsorption              
(particles may block 
pore-accumulate on 
each other) 
1.5 Standard Pore 




Particle size < pore 
size  
2 Complete membrane 
blocking (pore 
blocking only) 
       
 Particle size = pore 
size 
 
The particles seal the 
pores and do not 
accumulate on each 
other. 
 
2.4. Seawater desalination  
As introduced in section 1.3.3, desalination is one of the most viable 
technologies to avert water scarcity. Seawater is a typical solution of high 
salinity, containing about 30,000 - 40,000 mg/L of total dissolved solids. 
Hence, the extraction of potable water from seawater is energy consuming.  
Apart from Na+ and Cl- ions, Ca2+, Mg2+, SO42- and PO43- are the other 
prominent ions in seawater. Boron, another prime species in seawater, cannot 
be easily rejected even by tight membranes like RO. Hence, during seawater 
desalination, one of the major concerns is the extent of boron rejection by 
membranes. So far, not many studies have been conducted pertaining to the 
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boron rejection by FO membrane. Hence, one of the prime objectives of this 
phase of research is to determine the boron rejection of the FO membrane. 
2.4.1. Boron rejection 
The concentration of boron in seawaters is in the range of 0.52 mg/L in the 
Baltic sea to about 9.57 mg/L in the Mediterranean sea. The global average is 
about 4.6 mg/L (Argust, 1998). Boron intrusion into permeate water has 
always been challenging owing to its ill effects on humans and crops alike. 
WHO had regulated boron levels to 0.3 mg/L in drinking water in the 1990s. 
Boron is harmful to plants’ growth at concentrations greater than 0.5 mg/L 
though it benefits plant metabolism at around 0.3 mg/L. Harmful effects on 
plants include yellowing of leaves and fruits and growth inhibition leading to 
plant decay (GreenFacts, 2004; Nadav et al., 2005; Nadav, 1999). WHO 
reports (J.K.Fawell, 2009) on boron in drinking water state that it could cause 
health hazards in humans affecting plasma and organ magnesium and calcium 
concentrations, plasma alkaline phosphatase and bone calcification. Signs of 
depressed growth and steroid hormone concentration imbalances could also 
occur. Besides, the central nervous system could be affected by oedema, brain 
congestion and meninges. Yet, in 2009, the Drinking-water Quality Committee 
(WHO, 2011) recommended revising the boron guideline value to 2.4 mg/L. 
The regulation value was raised because there has been no solid conclusion on 
boron toxicological levels in human beings and lack of feasible-cost-effective 
technologies specialising in boron removal (Tu et al., 2010b). This guideline 
value is for drinking water produced from seawater desalination systems. 
Boron is more deterrent to plants than to human beings, hence a higher boron 
guideline value could be borne for drinking water systems. 
Chapter 2  Literature Review 
 Page 59 
 
Boron rejection by RO membranes is relatively poor. This is because, around 
neutral pH, the uncharged species boric acid [B(OH)3] predominates, which 
can easily pass through the membrane. At pH values above 8.7 for seawater 
(which is the  !"  of boric acid), borate ion [B(OH)4−] is formed, which is 
more readily removed owing to its dissociated form and a large hydrated 
radius. The dissociation of boric acid in seawater can be described using the 
equilibrium equation: 
B(OH)3 + H2O     
#$⇔      B(OH)4-  + H+                                      (2.9) 
where !"  is the dissociation constant of boric acid. The  !"  value of boric 
acid at 25oC in seawater is 8.7. Furthermore, it has been shown that the ‘stokes 
radius’ of boric acid is 0.155 nm, just twice that of solvent water’s. As a result, 
boric acid efficiently competes with water while passing through the 
membrane. Moreover, since boric acid, [B(OH)3] has three hydroxyl groups, 
there could be potential hydrogen bonding between them thus increasing the 
drag of boric acid by water (Sagiv and Semiat, 2004). Hence, its rejection is 
lower than that of other ions. It has been reported in the literature that the 
boron permeability and mass transfer coefficient is much higher than salt, 
which is 94.3 and 1.03 times higher than that of salt in seawater, respectively 
(Sagiv and Semiat, 2004). This shows the easy mobility of boric acid through 
the membrane compared to other competitive solutes. Modification of 
polyamide membrane using glycidyl methacrylate by graft polymerization of 
polyamide (Bernstein et al., 2011) helped reduce the effective pore radius 
from 0.175 to 0.165 nm. This reduction helped prevent boron passage greatly, 
from the usual 45% to about 20%. Generally, graft polymerization helps seal 
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defects on the membrane dense layer. However, the same principle of graft 
polymerization could not be applied to seawater RO membranes, since its 
dense layers are generally free from defects and hence any modifications shall 
not alter boron passage significantly. The study suggests that the transport of 
boric acid is dominated by convection, i.e., dragged by water. As a result, 
boron rejection can be challenging even for tight membranes. Other methods 
cited in the literature deal with boron-mannitol complexation (Geffen et al., 
2006), that generates anionic borate ester complexes at normal pH 7-8, hence 
increasing boron rejection for NF/RO membranes without the necessity to 
raise the pH further. However, a chemical has to be added, either mannitol or 
sodium hydroxide to raise the solution pH and hence the concentration of the 
larger hydrated radii species, the borate ion.  
The following methods are currently practiced in the industry for boron 
removal:  
i) Raising feed solution pH. Commercial seawater desalination plants 
using RO membranes raise the seawater pH above 9 in second 
pass, in order to get rid of boron in the final permeate. However, it 
may lead to scaling on the piping and membrane surfaces in the 
absence of anti-scalants. Hence, an optimized pH is preferable to 
tackle boron passage through the membrane with minimum scaling 
on the membrane and equipment surface. 
ii) Ion exchange resin. Ion exchange resins for boron removal have 
been developed (Rohm & Haas’ Amberlite IRA-743 and PWA-10) 
that can reduce the concentration of boron levels from 1.8 mg/L to 
nearly 0 mg/L for about 600 bed volumes (BV) of resin capacity at 
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a pH of around 7 (Nadav, 1999). These resins, however, incur 
additional costs for their regeneration. These are the most effective 
polishing agents for boron removal, working more efficiently than 
membranes.  
iii) High Rejection RO membranes. Membrane manufacturers have 
developed newer boron rejection membranes that can prevent 
boron seepage into the permeate. Hydranautics SWC4+ is one of 
the seawater membranes that has the best rejection rate for boron. 
Recently, modified membrane surfaces for better boron rejection 
have been synthesized using graft polymerization, as explained 
above.  
iv) Fly ash and coal materials. This is a lesser known technique, 
which removes boron from seawater by reaction with fly ash and 
coal materials (Vengosh, 2004). This method is typically applicable 
in countries around the Mediterranean sea, especially Turkey, 
where fly ash is abundant and cheap. 
 2.4.1.1. Boron rejection mechanism 
The boron rejection mechanism for tight membranes has been explained 
through the following models (Tu et al., 2010b). 
a. Solution-diffusion model 
This is a widely accepted model for removal of dissolved species by tight 
RO/NF membranes. The basic assumptions of this model are as follows: 
• The solutions on either side of the membrane are in equilibrium with 
the membrane material at the interface.  
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• Salt and water fluxes are independent of each other. 
• There exists no pressure gradient, only concentration gradient across 
the membrane surface. In addition, there is no convectional water 
transport, only diffusional water transport across the membrane 
surface. 
The water and salt flux are determined using the following eqns.: 
&' = ((∆) − ∆*)																																																																				(2.10) 
						& = -(./ − .0)																																																																					(2.11)							 
where &' is the volumetric water flux (L.m-2.h-1);	& is solute flux (kg.m-2.s-1); 
A is the water permeability constant (m2.s.kg-1); -  is solute permeability 
coefficient (m.s-1); ∆)  and ∆*  are applied hydraulic and osmotic pressure 
differences between the solutions in both sides of the membrane (atm); ./ and 
.1 are the solute concentrations (boron in this case) at the membrane feed side 
and permeate sides (kg.m-3), respectively. 
The boron rejection efficiency of the membrane, could be represented as,       
1- &/&'. 
 b. Irreversible thermodynamic model 
This model assumes the membrane as an ‘unknown entity’, with little 
information about the membrane separation process. Solute and water 
transport are dependent on each other, their coupling being represented by the 
term, reflection coefficient, 2, representative of the convectional transport of 
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solute across the membrane. The water flux contributes to the solute flux as 
described in the following equations: 
&' =	−((∆) − 	2∆*)																																																																			(2.12) 
& =	−-	∆. + (1 − 2)&'.̅																																																											(2.13)		 
where 2, the reflection coefficient is representative of boron-water coupling, it 
approaches unity for a dense membrane and zero for a porous membrane. The 
solute transport due to convection is relevant and large when 2 is not very 
small; C (kg.m-3) is the superficial boron concentration in equilibrium with the 
concentration of boron in the membrane phase; .̅	 is the average boron 
concentration in the feed and permeate side (kg.m-3). 
The membrane boron rejection efficiency is represented as, 
	 ≡ 	./ −	.0./ =	
2(1 − 5)
1 − 25 																																																											(2.14) 
where 5 = exp(− :;(<=)>? )  
Eqn. 2.13 can be rearranged to determine &	and 2  using a linear equation 
model. Hence, the boron rejection could be determined from Eqn. 2.14. 
2.4.1.2. Impact of fouling on boron rejection 
 
A simplified simulation model was made available by Oh et al. (2009) in order 
to study the RO membrane boron rejection in the presence of fouling caused 
by cake formation and scaling. They observed that RO membrane fouling due 
to cake formation did not significantly alter the local flux on the membrane 
surface. Hence, there is no change in boron rejection during cake formation. 
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However, in the presence of scaling, there is a reduction in the effective 
membrane surface area, increasing the local flux at the membrane surface, and 
therefore boron rejection. Such data may look controversial since they imply 
that cake formation does not cause as significant flux decline as scaling. 
Furthermore, Huertas et al. (2008) have investigated the impact of biofouling 
on RO membrane boron rejection. It was observed that the boron rejection 
dropped by 45% for RO membrane fouled by P. aeruginosa PAO1. The 
decrease in boron rejection was attributed to biofilm growth that enhanced 
concentration polarization of salts, including boron, near the membrane 
surface. Generally, a decrease in boron rejection is observed when biofouling 
occurs. Scaling on the membrane surface improves rejection, but cake 
formation has no impact on membrane rejection. Research focus on the impact 
of FO membrane fouling on boron rejection is limited. Hence, FO membrane 
fouling and its impact on membrane boron rejection should be investigated. 
 
2.4.2. Seawater Reverse Osmosis (SWRO) Membrane 
The SWRO membrane may not be able to completely reject boron from feed 
water at ambient pH. However, when the pH is increased above 9.2, the 
rejection levels can reach 95%. At a pH of 11, the boron rejection can be as 
high as 98 - 99%. This is due to the formation of borate ions, which can be 
easily removed by the membrane owing to the borate ions’ large 
hydrodynamic radius (Glueckstern and Priel, 2003; Greenlee et al., 2009). The 
boron rejection in seawater can be much higher than in brackish water for the 
same pH conditions due to better ionization of boric acid in high salinity 
solutions. Results show that a slight increase of the seawater pH from its 
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natural value of 8.1 to 8.8, could increase the boron rejection significantly 
from 81 to 89% (Wilf and Bartels, 2004). This happened because the   !" for 
boric acid is about 8.7 at the ionic strength of seawater (Mane et al., 2009; Tu 
et al., 2011). However, problems related to salt precipitation and subsequent 
membrane scaling may occur at high pH. To overcome this, multiple RO 
stages with variable pH conditions could be administered to achieve salt 
removal first at neutral pH, followed by boron removal at high pH. Kabay et 
al. (2010) compared an RO membrane, an ion exchange membrane and a 
novel adsorptive membrane filtration for boron rejection studies. The 
adsorptive membrane filtration involved the usual RO membrane technology 
followed by a fluidized bed ion exchange system that could effectively remove 
boron. This hybrid system, which combines the attributes of the membrane 
and fluidized resins, allowed much lower boron concentrations in drinking 
water. Other studies, explained above have focussed on membrane surface 
modification by graft polymerization to selectively prevent boron by reducing 
the “defects” in more open brackish water reverse osmosis (BWRO) 
membranes. However, the modified membranes have not surpassed SWRO 
membrane boron rejection. Generally,  boron rejection for CTA (30-40%) is 
much lower than that for polyamide membranes (50-70%) (Applied 
Membranes Inc., 2007). Boron rejection for cellulose acetate membrane was 
experimentally evaluated at 67% by Graber et al. (1970).  
Seawater fouling. Fouling is defined as a phenomenon that leads to the 
blocking of the membrane surface or internal pores within the membrane, 
depreciating the water flux across the membrane. It is of major concern since 
it reduces the water recovery and therefore the permeate production capacity, 
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increasing the production cost of water. In order to avoid membrane fouling, 
water pretreatment and periodic membrane cleaning, i.e., mechanical flushing 
and chemical cleaning are indispensable. Generally seawater pretreatment 
involves the use of microfiltration (MF) or ultrafiltration (UF) membranes, 
which act as effective barriers for removal of suspended solids, microorganims 
and colloidal matter. Bae et al. (2011) have reported that MF could 
significantly remove a significant amount of biofilm forming bacteria and 
turbidity, thus improving the feed water quality.  
Seawater is a mixture of ions (Suckow et al., 1995) especially Na+ (30.6%) 
and Cl- (55%), SO42- (7.7%), Mg2+ (3.7%), Ca2+ (1.2%), K+ (1.1%) and others 
(0.7%). Apart from these ions, the dissolved components encompass nutrients 
like phosphate, nitrogen, nitrate, ammonia and silica. Particulate material in 
the oceans include sand, silt, clay, wind borne dust and biogenic particulate 
matter such as particulate nitrogen and phosphorus, colloidal iron. Fouling due 
to seawater exacerbates flux and throughput of the plant, thus affecting the 
water production economics. As far as RO is concerned, fouling of seawater is 
basically due to particulate matter, organic compounds, and biological growth 
more than inorganic fouling (Magara, 2000). Precipitation of sparingly soluble 
salts from seawater, especially, calcium carbonate, is less likely, owing to a 
lower permeate recovery, high ionic strength and low bicarbonate composition 
of seawater (Greenlee et al., 2009; Reverter et al., 2001). Acidification of 
feedwater helps prevent scaling of calcium carbonate or magnesium 
hydroxide. Calcium sulphate scaling could be temperature controlled or 
prevented by nanofiltration pretreatment to remove calcium ions (National 
Academies Press, 2008). A recent study focused on FO fouling and flux 
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decline studies in crossflow mode with seawater from the Red sea as the feed 
solution (Li et al., 2012). The results showed polymerized silica cluster scaling 
along with biofouling on the FO membrane surface, accompanied by a flux 
decline of about 53 and 70% for crossflow velocities of 16.7 and 4.2 cm.s-1, 
respectively. Though the concentration of silica in seawater was very low, the 
subsequent scaling of polymerized silica was attributed to the increase in salt 
and silica concentration at the membrane surface due to concentration 
polarization effect. Moreover, the boron concentration in the Red sea is as low 
as 2.2 mg/L, below the WHO guideline of 2.4 mg/L and hence is not of great 
concern in these studies. However, this study does not throw light on the draw 
solution reconcentration process for the recovery of potable water. Since 
sodium chloride was used as a draw solute, the typical draw solute 
reconcentration process could have been a low pressure RO membrane 
system.  
2.4.3. FO process for desalination 
Firstly, the energy costs of RO seawater desalination are relatively high for 
widespread application due to the high pressure needed for pressurizing the 
seawater feed. In addition, the need to apply a high pressure also indicates that 
high-mechanical strength equipment is needed to withstand the high pressure. 
Both requirements translate to higher operational costs and therefore make RO 
significantly more costly than the standard treatment of freshwater for potable 
use. The RO energy costs make up for 44% of the total energy costs (Miller 
and Evans, 2006). Additionally, assuming that future research may still lower 
RO energy savings, it is expected that the practical realizable upper limit of 
energy savings through advances in RO membranes is about 15% (National 
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Academies Press, 2008). Hence, RO energy savings is already reaching a 
threshold limit and it is a challenge in itself to reduce its energy savings 
beyond 15%. Secondly, RO membranes are also sensitive to fouling by 
dissolved species, particulate matter, salt precipitates and microorganisms. As 
such, pretreatment of the raw feed water is often required in RO systems, 
especially those employed for seawater desalination. The discharge of 
concentrated brine stream in the RO process imposes high disposal costs and 
adverse environmental impacts. It is possible to discharge this brine stream 
into the sea at coastal areas, but it is not so for inland regions.  
Therefore, researchers are looking into other feasible methods for seawater 
desalination, hoping to find cheaper and better alternatives to the RO process. 
Consequently, FO is being experimented as a viable alternative technology for 
seawater desalination. Similar to RO, FO is an osmotic process that employs 
the use of a semi-permeable membrane to separate water from the dissolved 
solutes. However, FO utilizes the osmotic pressure gradient generated by the 
concentration difference between the feed and draw solution as the driving 
force for separation. This is unlike the RO process, which utilizes the applied 
hydraulic pressure as the driving force to counteract the osmotic pressure 
gradient between the feed water and permeate for separation. In the RO 
process, the permeate obtained in most situations is of drinking water quality 
while in the FO process, the product water which is the diluted draw solution 
may or may not be subsequently treated by another separation process, 
depending on the intended use of the product water.  
FO process could potentially be used for seawater desalination, extracting 
solvent water molecules from the seawater into a draw solution. Apart from 
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the various  applications of FO as referenced in literature (Cath et al., 2006), 
FO could be prudently utilized for seawater desalination owing to its low 
energy consumption and a lower fouling tendency potential. Kessler and 
Moody (1976) experimented with flat sheet CTA membrane to draw solvent 
water from seawater using glucose-fructose as draw solution. Roughly 5 litres 
of water could be extracted from 1 kg of the draw solution. They intended to 
commercialize seawater desalination to produce a standalone emergency water 
supply on lifeboats on a batch scale. Recently, other draw solutions like 
ammonium bicarbonate systems (McCutcheon et al., 2005) were experimented 
due to their ease of extraction and reusability. Furthermore, there is a necessity 
to run the system continuously. Simulated seawater of 0.5M NaCl 
concentration was used as feed, while 6M ammonium bicarbonate solution 
was used as draw. Preliminary results showed that CTA-based FO membranes 
could help produce greater flux than the dense layers of the RO membrane. A 
recent research article (Phuntsho et al., 2011) dealt with using fertilizer 
solutions as draw solutions for seawater desalination using the FO process. 
FO applications for seawater desalination have dealt mostly with the choice of 
the draw solution and the flux obtained. Some other aspects that should be 
investigated are related to fouling propensity of seawater on FO membranes, 
the necessity for any pretreatment to seawater prior to passage through the FO 
membrane and typical boron rejection of FO membrane. The purpose of this 
study is to assess boron rejection and FO fouling propensity at different feed 
seawater conditions. Research on boron passage of the FO membrane has been 
performed in two orientation modes (Jin et al., 2011), namely the active layer 
facing the feed solution and the active layer facing the draw solution. Boron 
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rejection is better with the active layer facing the feed solution, owing to the 
dense active layer preventing boron passage effectively. Moreover, the boron 
rejection increases with increasing membrane flux when the active layer faces 
the feed solution. Boron rejections of 30-60% were obtained for flux from 9-
24 LMH, respectively. Jin et al. (2012) confirmed that alginate fouling 
decreased the level of boron rejection significantly to zero, when the active 
layer faced the draw solution. This raises concerns about the use of active 
layer facing draw solution in PRO mode for the generation of electricity using 
seawater. In addition, another prominent species, arsenite showed similar 
rejection of about 50% in both the orientation modes. This was attributed to 
the membrane's improved sieving effect and enhanced concentrative ICP 
effects. It should be noted that, these tests were conducted in crossflow mode 
for only 2-h and simulated seawater conditions (0.5M NaCl) were tested with 
simulated boric acid solution addition. Therefore, there is a necessity to use 
actual seawater and run it in continuous mode in order to elucidate the boron 
flux and hence its rejection by the FO membrane. Zhao et al. (2012) have 
tested brackish water in both FO and PRO mode in crossflow setup for about 
24-h and concluded that FO-NF system surpasses the qualities of a standby 
RO system in terms of usage of lower hydraulic pressure, lower fouling 
propensity and better flux recovery after membrane cleaning. Apart from 
reconcentration of the draw solute, one prime concern pertaining to seawater 
desalination shall be the boron leakage from feed seawater side across the FO 
membrane into the draw solution, and its subsequent leakage through the NF 
membrane into the permeate. Since boron rejection is one of the principal 
concerns of seawater desalination, boron rejection potential of the FO 
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membrane needs to be understood. Recently, a forward osmosis desalination 
process on a commercial scale, alongside a SWRO plant in Oman was 
disclosed (Thompson, 2011). The FO plant demonstrated notable advantages 
in performance, both in terms of energy consumption and low membrane 
fouling. The specific energy consumption for SWRO and FO process were 8.5 
and 4.9 kWh.m-3, respectively. It was operated with a recovery of 35%, and 
produced permeate water with a TDS content below 200 mg/L and boron 
content below 0.8 mg/L. However, not much was disclosed regarding the draw 
solution used and its regeneration process due to proprietary issues. Therefore, 
it is intended to research the seawater fouling and boron rejection potential of 
the FO membrane, impact of pretreatment of seawater using the MF 
membrane, potable water recovery of the system and reverse salt diffusion of 
draw solute into the feed seawater. 
2.4.3.1. Reverse draw solute diffusion 
Reverse draw solute flux is a major drawback in the FO process, which tends 
to jeopardize the performance and productivity of the process to a great extent 
(Hancock and Cath, 2009). It has already been demonstrated that reverse 
diffusion of fouling inducing species (such as Ca2+ or Mg2+) from the draw 
solution into the feed solution, may alter the feed solution composition and 
probably enhance scaling or fouling on the membrane surface significantly 
(Zou et al., 2011). In addition, the diffusion of draw solute into the foulant 
layer was found to further aggravate fouling due to 'concentration enhanced 
osmotic pressure' effects (Boo et al., 2012). Hence, such species should be 
avoided as draw solute (She et al., 2012). A great extent of membrane fouling 
could induce forward feed solute diffusion owing to enhanced CP effects, thus 
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leading to subsequent flux decline. The presence of monovalent species in the 
draw and feed solutions, can also increase the salt flux in either directions 
significantly, due to their smaller hydrated radii and lower valence charge. 
However, they are inevitable in feed solutions such as seawater, brackish water 
and wastewater.  
2.4.3.2.Feasibility of FO-NF system for potable water production 
After extraction of solvent water from seawater, the draw solution needs to be 
post-treated in order to obtain potable water conforming to the WHO/USEPA 
water quality guideline (WHO, 2011) as shown in Table 2.2. These include 
water quality in terms of physical, chemical, metallic and bacteriological 
content that might affect the appearance, odour and taste of water. The post-
treatment depends on the draw solute used. Several methods have been 
proposed based on the choice of the draw solute. For example, in case of 
magnetic nanoparticles as draw solute, a strong bar magnet with super 
paramagnetic properties is used as the recovery method (Cath et al., 2006). If 
the draw solute used is ammonia-carbon dioxide system, then distillation is 
used as the choice of reconcentration (McCutcheon et al., 2005). If a divalent 
species such as Na2SO4 is used as a draw solute, then nanofiltration (NF) is the 
best technology to extract potable water from diluted draw solution. For the 
current set of experiments, Na2SO4 has been used as draw solute and NF as the 
post-treatment step. Na2SO4 draw solute has also been widely used by others 
(Zhao et al., 2012; Zhao and Zou, 2011). This is due to the high osmotic 
pressure obtained at low solute concentrations, a comparatively lower cost, 
low toxicity and ease of reconcentration through low pressure systems, like NF. 
Recently, Zhao et al. (2012) used FO-NF system for brackish water 
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desalination and suggested that it provides the advantages of reduced 
membrane fouling propensity, lower hydraulic pressure, better flux recovered 
after physical cleaning and  higher permeate quality over a stand-alone RO 
desalination system. 
NF membranes are widely used for reducing water hardness, since they have 
the ability to effectively remove divalent and trivalent species from water 
(Bruggena et al., 2008). A major concern of desalting draw solution in this 
study was the fact that most NF membranes are slightly negatively charged at 
neutral and alkaline pH, which plays an important role in separation 
mechanisms. Due to  the charged NF membrane, it can show selectivity 
among ions of different valencies (Bhattacharya and Ghosh, 2004). For 
instance, retention of divalent anions (SO42-) can be higher than 90% whereas 
that of monovalent anions (Cl- and NO3-) usually remains below 50% 
(Kelewou et al., 2011). This is mainly because of stronger repulsion 
experienced by the divalent anions against the usually negatively charged NF 
membrane surface. Owing to a higher rejection rate of hardness, especially 
divalent ions, NF is expected to be able to tackle postreatment of draw 
solution (Na2SO4 as draw solute) in the tested FO-NF hybrid system, 
effectively. Furthermore, with respect to the effect of pH on boron removal by 
NF membrane, it was found that at low pH condition (about pH 6), boron 
removal by NF membranes was relatively negligible (Hilal et al., 2011). 
However, NF membrane rejection  increased substantially when the solution 
pH was raised from 6 to 11 (Tu et al., 2010a). 
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Table 2.2 Summary of USEPA/WHO standards on drinking water  (PUB, 
2011). 
 
Water Quality Parameters  USEPA/WHO Standards  
A) Physical 
Turbidity (NTU)  5 / 5  
Colour (Hazen units)  15 / 15  
Conductivity (µS/cm)  Not Specified (- / -)  
pH Value  6.5-8.5 / -  
Total Dissolved Solids (mg/L)  500 / 1000  
Total Organic Carbon (mg/L)  - / -  
Total Hardness (CaCO3) (mg/L)  Not available  
B) Chemical (mg/L) 
Ammoniacal nitrogen (as N)  - / 1.2  
Chloride (Cl-)  250 / 250  
Fluoride (F-)  4 / 1.5  
Nitrate (NO3-)  10 / 11  
Silica (SiO2)  - / -  
Sulphate (SO42-)  250 / 250  
Residual Chlorine (Cl2, Total)  4 / 5  
C) Metals (mg/L) 
Aluminium (Al) 0.05-0.2 / 0.2  
Barium (Ba)  2 / 0.7  
Boron (B)  - / 2.4  
Calcium (Ca)  250  
Copper (Cu)  1.3 / 2  
Iron (Fe)  0.3 / 0.3  
Manganese (Mn)  0.05 / 0.4  
Sodium (Na)  - / 200  
Strontium (Sr)  - / -  
Zinc (Zn)  5 / 3  
D) Bacteriological 
Total Coliform Bacteria (Counts/100 ml)  Not detectable  
Enterovirus  Not detectable  
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2.4.4 Research needs 
To summarize, experiments conducted so far in the literature have the 
following features; namely,  
* Simulated seawater conditions. 
* Shorter test durations (< 24 h). 
* Experiments conducted in small scale crossflow setup.  
* FO fouling propensity by seawater not researched in detail. 
* No relevant studies on the impact of fouling on FO membrane boron 
rejection.  
Hence, there is a necessity to research the following aspects in seawater 
desalination by FO process: 
* Typical boron rejection of FO membrane with actual seawater feed  
   conditions for an extended duration of time, atleast 60 continuous days. 
* Variation of seawater feed pH to evaluate changes in boron rejection by FO  
   membrane. 
* Evaluate the flexibility of the FO membrane against membrane fouling with  
   and without MF-pretreatment. 
* Optimization of FO-NF synergistic process to produce permeate of potable  
   quality from seawater with Na2SO4 as the draw solute. 
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3. Materials and Methods 
3.1. Organic fouling studies of FO membrane 
This section describes the methodologies followed for conducting the lab-
scale crossflow experiments to investigate the organic fouling on the FO 
membrane surface. In order to ensure consistency of the organics composition 
in the feed solution, a typical stock solution of concentrated secondary effluent 
was prepared by concentrating RO brine obtained from a water reclamation 
plant in Singapore. This stock solution was then stored at 4oC and used for 
subsequent experiments in this study.   
3.1.1. Preparation of Stock solution 
RO brine, which is a rich source of dissolved ions and Natural Organic Matter 
(NOM), was obtained from the Kranji water reclamation plant in Singapore. 
The RO brine was subjected to a cation exchange resin treatment (in order to 
remove all the cationic species in the water sample) followed by multiple steps 
of concentrating in a RO system (using Hydranautics SWC-1-4040 modules). 
The RO brine was not subjected to anion exchange resin treatment because 
besides removing anions, it would also remove organics, which will defeat the 







One point of concern would be the variation in stock solution organic 
composition after passin
changes in the organic composition, the eluent solutions were analyzed using 
the Liquid Chromatogram Organic Carbon Detector (
from the chromatogram in
change in the characteristics of the source water after treatment with the cation 
exchange resin column. However, there is a slight reduction in the humic acid 





 Materials and Methods
Figure 3.1 Schematic of stock solution preparation. 
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Figure 3.2 Variation in chromatograms of RO brine before and after cation exchange resin passage. 
 
The final stock solution of 110 L had an average TOC of 470 mg/L. The pH 
and conductivity of the solution were 9.2 and 38.5 mS.cm-1, respectively. The 
ionic and organic components in the stock solution are listed in                       
Table 3.1. The LC-OCD (Huber, 2000), was used to measure the typical 
constituents of the NOM in the stock and feed solutions namely the 
biopolymers (i.e., polysaccharides, proteins and amino sugars), humics, 
building blocks (i.e., broken down products of humics), low molecular weight 
neutrals (i.e., mono oligosaccharides, alcohols, aldehydes, ketones and amino 
sugars) and acids (i.e., monoprotic acids). The LC-OCD instrument has been 
calibrated for humic substances in nature (Suwannee river humic acid). 
However, it is assumed that these humics (with retention time of 45 min and 
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humic substances in general. Hence, when the stock solution sample was 
passed through the LC-OCD, the humics that is shown in the Fig. 3.2 represent 
humics in the stock solution (origin - secondary effluent). The humic acids 
represent 50% of the total dissolved organic matter in the stock solution (Table 
3.1). Many researchers have relied on the LC-OCD for wastewater analysis 
(Grünheid et al., 2005; Zhu et al., 2010; Haberkamp et al., 2008). 






















M- Alkalinity(HCO3-) 9150±50 
SiO2 260±10 
Ionic Strength (M) 0.63 
Dissolved Organic 
Matter % 
Humic Acids 50 
Low Molecular weight 
Neutrals 25 
Building Blocks 18.75 
Biopolymers 6.25 
Hydrophobic 20 
3.1.2. Feed and Draw solution  
Feed solutions with TOC of 10, 30 and 50 mg/L were prepared by diluting the 
stock solution accordingly. The ionic strength (I) of the feed solution was 
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adjusted to 0.05M by addition of NaCl. Another set of tests were carried out 
by addition of 5mM Ca2+ into 30 and 50 mg/L foulant solutions. Figure 3.3 
shows the LC-OCD chromatograms of 10, 30 and 50 mg/L organic TOC 
concentrations. It shows a corresponding decrease in the concentrations of 
humic acids, building blocks and low molecular weight acids from 50 mg/L to 
10 mg/L TOC organics. Figure 3.4 shows the molecular weight distribution of 
organic solutions obtained using the High Performance Liquid 
Chromatography (HPLC). In order to determine the molecular weight 
distribution of organic solutions, Shimadzu make HPLC model LC-10AT with 
a refractive index detector (RID) was employed. The molecular weight 
calibration standard used was poly(styrene sulphonic acid, sodium salt). The 
calibration curve (a plot of log MW versus retention time) is shown in Figure 
3.4a. For the samples, the intensity versus retention time profile was converted 
to intensity versus log MW profile based on the standard calibration curve. 
Hence, the sample's average molecular weights were determined. It was 
observed that all the solutions had peaks at weighted average MW of 2000 and 
125; with slightly increasing intensities for higher organic strength solutions. 




                           
Figure 3.3 LC-OCD organic chromatograph of 10, 30 and 50 
 
         
         
Figure 3.4 (a) Molecular weight distribution (MWD) 
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3.1.3. Experimental Setup 
Figure 3.5 shows the schematic diagram and photographic image of the FO 
experimental setup used in this study. It consisted of a crossflow membrane 
cell, a draw solution and a feed solution pump (Cole Parmer, USA), solution 
tanks and a weighing balance (Mettler Toledo, USA) to record the variation in 
the feed solution weight for water flux computation. Both the draw and feed 
solutions in holding tanks were stirred by a magnetic stirrer and mechanical 
stirrer, respectively, to maintain well-mixed homogeneous solutions. The 
crossflow membrane cell has a channel on each side of the membrane, which 
allows the feed and draw solution to flow through separately. Each channel 
has dimensions of 25, 5 and 0.2 cm for channel length, width and height, 
respectively. All experiments were conducted at ambient temperature 
(28±1oC). The operating crossflow velocities of the draw and feed solutions in 
the membrane cell were both maintained at 50 cm.s-1, with operational 
Reynolds number (Nre) ranging from 1800 to 2000 for all experimental runs. 





Figure 3.5 Experimental crossflow 
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setup for FO process (a) schematic diagram
image. 
Table 3.2 Experimental operating parameters. 
Feed Solution composition Test 
duration 
(h) 
Crossflow velocity    
(cm.sTOC (mg/L) Ca2+ (mM) 
 10, 30, 50 0 20 50 / 1800
 30, 50 5 20 50 / 1800
 10, 30, 50 0 20 50 / 1800
 30, 50 5 20 50 / 1800





; and (b) photographic 
-1)/Nre 
 - 2000 
 - 2000 
 - 2000 
 - 2000 
 - 300 
(b) 
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3.1.4. Analytical Techniques  
3.1.4.1 Feed /Stock solution composition determination 
i) Conductivity analysis 
A conductivity probe (Thermo scientific Orion 4 star - pH - conductivity 
probe, USA) was used to measure the conductivity of feed and draw solutions 
to estimate the concentration and hence the osmotic pressure of the solutions. 
The conductivity probe was calibrated for concentration using NaCl as the 
standard ion.  
ii) Total Organic Carbon (TOC)  
A TOC analyser (VCSH, Shimadzu, Japan) was used to measure the TOC of the 
feed and stock solutions. The principle of acidification-combustion with 
detector NDIR (Non Dispersive InfraRed) was used. Potassium hydrogen 
phthalate was used as the standard for total carbon calibration. 
iii) Liquid Chromatogram Organic Carbon Detection (LC-OCD)  
The LC-OCD (Model-8 DOC-LABOR, Germany) was used to measure the 
typical constituents of the dissolved organic carbon (DOC) in the feed 
solutions, namely the biopolymers (i.e., polysaccharides, proteins and amino 
sugars), humics, building blocks (i.e., broken down products of humics), low 
molecular weight neutrals (i.e., mono oligosaccharides, alcohols, aldehydes 
and ketones) and monoprotic acids. Figure 3.6 (Huber et al.) represents the 
standard retention time and molecular weight distribution (MWD) for the 
typical constituents of DOC. Retention time and MWD are the two factors that 
differentiate the various dissolved organic compounds. 
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Figure 3.6 LC-OCD chromatogram depicting the intensity versus retention time and molecular weight 
distribution of typical constituents of dissolved organic carbon. 
iv) Ion Chromatogram (IC)  
The cationic and anionic load in the stock solutions and feed solutions were 
measured using the Dionex - DX 500 IC. The cations measured were Na+, 
NH4+, K+, Mg2+ and Ca2+. The anions measured were F-, Cl-, NO2-, Br -, NO3-, 
PO43- and SO42-. 
v) High Performance Liquid Chromatogram (HPLC) 
In order to determine the molecular weight distribution of organic solutions, 
Shimadzu make HPLC model LC-10AT with a refractive index detector (RID) 
was employed. The molecular weight calibration standard, poly(styrene 
sulphonic acid, sodium salt) was procured from Fluka. 
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3.1.4.2. Membrane Characterization Tests (Song et al., 2004; Chong et al., 
2007) 
i) Atomic Force Microscope (AFM) 
In order to measure the membrane surface roughness, an AFM (Veeco, 3100 
Nanoscope IV- tip force constant 40 N.m-1, resonant frequency 300 kHz) was 
used in dry tapping mode. 
ii) Scanning Electron Microscope (SEM) 
An SEM (XL-30-FEG, Philips, Germany) was used to take images of the fresh 
and fouled membrane surface and cross sections. Prior to taking the SEM 
images, membrane samples were prepared by freezing the membrane at -50oC 
in a chiller for 2-h followed by freeze drying at -70oC, 0.01 mbar (vacuum 
conditions) for 7-8 h. This was done in order to keep intact the fouled layer of 
the membrane, without the formation of cracks upon direct drying. 
iii) Contact angle measurement  
Contact angle measurements of the fresh and fouled membranes were 
measured using a contact angle goniometer (VCA-Optima, AST Products Inc., 
USA). The hydrophilic surfaces impart a contact angle ranging from 0 to 90o 
while the hydrophobic surfaces impart a contact angle from 90 to 180o. 
iv) Energy Dispersive X-Ray Spectroscopy (EDX) 
An EDX spectroscope (EDX 6674 detector attached to SEM JSM – 5600LV, 
Oxford, USA) was used to determine the elemental composition of the cake 
layer formed on the membrane surface.  
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v) Fourier Transform Infra-Red (FTIR) spectroscopy 
The fresh, fouled and cleaned membranes where analyzed using an FTIR 
(Varian Excalibur HE3100, USA) to determine the functional groups of 
organics on each membrane surface.  
vi) Confocal Laser Scanning Microscopy (CLSM)  
The CLSM is a tool for membrane fouling qualitative detection, typically, 
biofouling. In the current study, a CLSM was used to study the organics on the 
membrane surface, especially the proteins and polysaccharides. The ability of 
CLSM to produce sharp images of thick biofilm specimen at various depths 
arises by placing a pinhole in front of the detector, which rejects out-of-focus 
light, so that only the region of the specimen that is in focus is detected. The 
three-dimensional structure of the biofilms can therefore be visualized by the 
acquisition of a stack of such two-dimensional images (Ng Tze Chiang and 
H.Y.Ng, 2010). The CLSM model used was Axiovert 200 M, Carl Zeiss, 
Germany using a plan-apochromat 63x (or 100x)/1.4 NA oil immersion 
objective. The CLSM is equipped with an argon laser for excitation at 458, 
488, and 514 nm, and a helium/neon laser for excitation at 543 nm. 
Fluorescent emissions were detected using appropriate sets of band-pass and 
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Figure 3.8 FTIR – Chromatogram of fresh FO membrane. 
 
The membrane permeability coefficient at 30oC was determined to be   
1.71x10-5 m3.min-1.m-2.atm-1 (i.e., 1.03 L.m-2.h-1.atm-1). Salt rejection by the 
FO membrane was determined by conducting crossflow experiment (with 
operating conditions specified in Section 3.1.3) over 24-h using 2M NaCl and 
deionised (DI) water as the draw and feed solution, respectively. The salt 
rejection, R(t) at any particular time was determined by measuring the NaCl 
concentration in the feed solution and calculated according to Eqn. 3.1. The 














   (%)                 (3.1) 
where R(t) is the salt rejection (%) at time, t; Feed_Conc(t) is the NaCl 
concentration in feed solution (M) at time, t; Feed_Conc(t=0) is the initial 
NaCl concentration in feed solution (M); and Draw_Conc(t=0) is the initial 
NaCl concentration in draw solution (M). 
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Table 3.4 Salt rejection of the FO membrane over 24-h. 














Contact angle measurements of the dense and porous side of the fresh FO 
membrane were found to be almost similar since they were made of similar 
material (i.e., CTA); 65o for the dense layer and 66.5o for the porous layer. The 
mean surface roughness of the dense and porous layers of the fresh FO 
membrane was found to be 66 and 105 nm, respectively, using the AFM in dry 
tapping mode (Figure 3.9). The results asserted that the dense layer is 
smoother and tighter than the porous layer, suggesting of a greater fouling 
potential of the porous layer than the dense layer which has been reported by 




Figure 3.9 AFM and roughness analysis of fresh FO membrane surface: a) AFM image of porous 
b) roughness of porous surface (~105 nm); c) AFM image of dense surface; d) roughness of dense 
surface (~ 66 nm). 
 
3.1.6. Fouling Tests
In order to study the effect of fouling on FO performance, the effect of 
concentration factor
maintaining the
draw and feed solutions constant. This was done by intermittently adding 1) 
DI water into the
create a simulated effect of time t
experimental run
(Nikolova and Islam, 1998
crossflow velocity of 50 cm.s
20-h. A 2M NaCl solution, which has an osmotic pressure of 105 atm, was 
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 feed side; and 2) solute into the draw side. This
 = 0 for the complete 
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used as the draw solution. Stock solutions were diluted suitably to prepare the 
feed solutions, making it up to an ionic strength of 0.05M by addition of NaCl 
which equivalents to an osmotic pressure of about 2.4 atm. Using the OLI 
software, the osmotic pressure difference between the draw and feed solution 
was determined to be approximately 102.6 atm. For the baseline experiments, 
the feed solution was prepared using NaCl in the absence of organics (i.e., no 
stock solution was used in the feed). Constant molar feed and draw solution 
concentrations were maintained throughout the duration of each experimental 
run. The procedure was as follows: at every half an hour interval, the 
conductivity of the feed and draw solutions were measured (using Thermo 
scientific Orion 4 star - pH - conductivity probe, USA) and the corresponding 
molarity of the solutions was determined from the conductivity - molarity 
calibration curve. Subsequently, requisite proportion of NaCl was added to 
make the concentration of the draw solution constant at 2M. Similarly, 
appropriate volume of DI water was added to the feed solution side to 
maintain a constant feed ionic strength of 0.05M. Thus the water fluxes were 
representative of the inherent membrane fouling over the experimental 
duration. 
3.1.7. Membrane cleaning protocol 
Several mechanical cleaning methods have been elucidated (Al-Amoudi and 
Lovitt, 2007; Ebrahim, 1994) in the literature. These include hydrodynamic 
forward or reverse flushing, permeate back pressure, air spurge and automatic 
sponge ball cleaning techniques. The basis of these techniques is to scour off 
the foulants from the membrane surface by providing means of detachment 
between the foulant and the membrane surface. In this study, the cleaning 
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crossflow velocity (CFV) was operated at much greater velocity compared to 
the service flow velocity. For the FO fouling experiments, with a service cycle 
flow rate of 0.4 Lpm (i.e., CFV of 6.7 cm.s-1), the cleaning cycle flow rate was 
increased to 7 Lpm for various time durations of 1, 5 and 30-min. During this 
period, there was intermittent decrease and increase of the CFV (i.e., pulsating 
effect) to scour off the foulants from the dense membrane surface; a CFV of 7 
Lpm for 20-s followed by zero CFV for 5-s throughout the cleaning duration. 
The cleaning was carried out with and without the pulsating CFV effects to 
study its impact on flux recovered after cleaning. Methods of assessing 
membrane cleaning effectiveness (Al-Amoudi and Lovitt, 2007) were based 
on the water flux recovered after cleaning the membrane. The water flux 
recovery is represented in Eqn. 3.2.                      
                       @ABC	5DEF	BGHIBCJ	(@5) = 	 :K:L 	F	100%            (3.2) 
 
 
where &  represents the membrane water flux after cleaning (LMH) and &N  
represents the initial water flux (LMH).  
3.2. Seawater desalination using FO-NF process 
3.2.1. FO and MF membrane 
The FO flat sheet membrane, made up of cellulose triacetate was procured 
from HTI Inc., USA. The membrane module was designed such that the draw 
solution could intersperse through and channel across the FO membrane sheets 
on both sides of the module (Tan and Ng, 2012). The dimensions of the 
membrane module are 230 x 160 x 6 mm with a total effective membrane area 
of 0.05 m2. A polyether sulphone microfilter (MF) membrane (GE Water and 
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Process technologies, USA), of pore size 0.45-µm was used as a pretreatment 
to the FO process. Figure 3.10 shows the MF and FO membrane module. In 
later phase of experiments, a spiral wound MF membrane (PLT 0.45-10-3S, 
Filtrafine, Taiwan) was used. 
 
Figure 3.10 Photographic representation of (a) MF; and (b) FO membrane module. 
 
3.2.2. Feed and Draw solution 
Surface seawater was collected from the Labrador Park, Singapore. It had 
an average pH of 8.1 and its average total dissolved solids load was 32,500 
mg/L. Based on its concentration of 0.47M, the osmotic pressure of 
seawater was calculated to be about 21 atm using the OLI software. The 
total organic carbon content in seawater fluctuated between 2-5 mg/L. 
While the SDI of untreated seawater was 4, its turbidity varied from 1-2 
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Table 3.5 Seawater constituents. 




Li+ 0 IC 
Na+ 11300±400 IC 
NH4+ 0 IC 
K+ 260±10 IC 
Mg2+ 750±25 IC 
Ca2+ 225±10 IC 
Mn2+ 0.0062±0.05 ICP-MS 
Sr2+ 5.22±0.3 ICP-OES 
Ba2+ 0.0059±0.07 ICP-MS 
Fe2+ 0.2256±0.1 ICP-MS 
Anions 
F- 100±5 IC 
Cl- 18500±200 IC 
NO2- 300±15 IC 
Br- 50±1 IC 
NO3- 200±4 IC 
PO43- 1200±50 IC 
SO42- 2000±100 IC 
Others 
M-alkalinity(as mg/L CaCO3) 110±5 Titrimetry 
SiO2 0.71±0.1 ICP-OES 
Boron 4±0.5 ICP-OES 
Microbial Count (bacterial 
count/ml) 
4.2x107±9.3x106 Filtration method 







detector NDIR (Non 
Dispersive Infra-Red) 
 
The draw solution used was 1.15M Na2SO4. The choice of Na2SO4 draw 
solution is due to its lower replenishment cost, ease of recovery using low 
energy intensive processes like the NF membrane and low toxicity. The 
osmotic pressure of the draw solution was about 50 atm, as calculated from the 
Stream Analyzer 2.0 software (OLI Systems Inc., Morris Plains, NJ, USA). 
Figure 3.11 depicts the concentration of draw Na2SO4 solution required for 
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desalinating seawater with respect to the amount of water recovered. At a 
concentration of 1.15M Na2SO4, about 50% of seawater could be recovered. 
                     









50 % Recovery (of Seawater)















 Osmotic Pressure vs Na2SO4 Concentration
 
Figure 3.11 Osmotic pressure versus draw solution concentration. 
 
3.2.3. Experimental setup and operating conditions 
A batch test was initially run to understand the pH effects on boron 
rejection. The setup consisted of a crossflow system detailed in section 
3.1.4. Draw and feed solutions were allowed to flow on either sides of the 
membrane in a laminar flow regime with a CFV of 8.3 cm.s-1. 
The submerged FO membrane reactor setup is described in Figure 3.12. The 
feed seawater was filtered through a 1-mm metallic mesh screen to remove 
large debris. In one set of experiments, the setup consisted of two feed 
schemes, a seawater stream with MF pretreatment leading to reactor FO1. 
The second stream, FO2, is non-pretreated seawater. The purpose of this 
study was to estimate the impact of MF pretreatment on seawater. A 3-d 





variable water flux and hence estimate the boron flux. Furthermore, 
different boron concentrations in seawater, ranging from 4 to as high as 10 
and 15 mg/L were tested. 
m2. Air scouring at 1.5 
homogeneous feed and to scour off foulants from the membrane surface. In 
order to keep the membranes wet 
were maintained constant in the
solution tanks were connected to the
solution tanks were placed on weighing balances (IND221, Mettler Toledo, 
Germany) to measure the weight variations and hence
water flux. The
weight variations. The draw solution suction velocity was maintained at 0.5 
Lpm using peristaltic pumps (Cole Parmer,
 Materials and Methods
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Lpm was allowed in all the reactors 
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The experiment was run continuously over a period of 70-d. The draw solution, 
which gets diluted over time, was reconcentrated every 4-d in order to 
maintain continuous flow from the feed seawater side. The conductivity, pH, 
turbidity and SDI of MF and FO feed were monitored. Samples were also 
collected every 4-d for analysis of IC, TOC and boron concentration. After the 
completion of the continuous run, the MF, FO1 and FO2 membrane surfaces 
were tested using SEM-EDX and FTIR. The operating variables examined 
during this study are detailed in Table 3.6. 
The membrane water flux, &' is calculated based on the increase in weight of 
the draw solution over a period of time using Eqn.3.3.  
&' =		 ∆	OCP	AQ	PBRSℎAUBVWCB	XECYGB	CB	F	∆	ZRVB	F	@ABC	BXRAJ				(3.3) 
 
Table 3.6 Operating conditions for FO - seawater experiments. 
Variables  
Reactor HRT (h or d) 1-h, 12-h, 1-d, 3-d 
MF pretreatment With/without 
Feed seawater boron concentration (mg/L) 4(natural), 10, 15 
Feed seawater pH (crossflow tests) 8, 9, 9.5 
Diluted draw solution pH in NF second pass 7(natural), 8, 9, 10 
Second pass NF versus RO NF/RO 
 
Protocol for FO membrane boron permeability coefficient (Bb) determination.  
Experimental runs were conducted with FO membrane in a crossflow mode 
pressurised system in order to determine the boron rejection at pressures 
ranging from 150-350 psi. Based on the boron rejection and the water 
permeability coefficient, the following equation was used to calculate the 
boron permeability coefficient (-, m.s-1) (Jin et al., 2011). The -	value for 
FO membrane was experimentally determined to be 7.22 x 10-6 m.s-1. 
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-	 = [1 − 1\((∆) − ∆*)																																																										(3.4) 
where R, represents FO membrane boron rejection; A is the membrane 
permeability coefficient (m.s-1.atm-1); ∆)  and ∆*  represent the differential 
hydraulic and osmotic pressure between the membrane feed and permeate side 
(atm), respectively. 
Protocol for FO membrane boron mass transfer coefficient (kb) determination. 
The boron mass transfer coefficient was determined from the salt mass transfer 
coefficient based on the following (Hyung and Kim, 2006): 
Q]"^Q> = (
O]"^O> )_																																																																																		(3.5)				 
where Q]"^ and Q> represent the mass transfer coefficients of salt and boron 
respectively (m.s-1); O]"^  and O>  denote the salt and boron molecular 
diffusion coefficient (m2.s-1) obtained from literature as 1.47 x 10-9 and 1.64 x 
10-9 respectively; and β is an empirical coefficient for clean membrane (= 2/3). 
The Q]"^  value was determined by running a crossflow experiment using a 
solution containing 0.2M NaCl; with hydraulic pressures ranging from 200-
400 psi. The permeate salt concentration and flow rate were measured to 
determine the mass transfer coefficient using Eqn. 3.6. A pure water flux test 
was also conducted using DI water as feed and similar pressure conditions. 
Q]"^ =	 &a(]"^)ln	[[ ∆)*e(]"^) − *1(]"^)\ f1 − [
&a(]"^)&a('"gh)\i]
																			(3.6) 
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where &a(]"^) and &a('"gh)	denote the water fluxes obtained using 0.2M NaCl 
and DI water solutions (m.s-1), respectively; ∆)  is the applied hydraulic 
pressure (atm), *e(]"^) and *1(]"^) denote the osmotic pressure of feed and 
permeate (atm) based on their concentrations, respectively. 
For FO membrane, the Q]"^ was determined to be 1.67 x 10-5 m.s-1 and the Q> 
was determined to be 1.8 x 10-5 m.s-1. 
3.2.4. Analytical Techniques 
i) Conductivity analysis 
A conductivity probe (Thermo scientific Orion 4 star - pH - conductivity 
probe, USA) was used to measure the conductivity of feed and draw solutions 
to estimate the concentration and hence the osmotic pressure of the solutions. 
The conductivity probe was calibrated for molar concentration using NaCl and 
Na2SO4 as the standard for feed seawater and draw solutions, respectively. 
ii) Boron determination 
Boron was determined as per standard methods (ASTM-3120 B) at a 
wavelength of 249.77 nm using the ICP - OES (Model no. Perkin Elmer 
Optima 7300 DV, CT, USA) (Geffen et al., 2006). Feed seawater samples 
were diluted 10 times and the draw solution was diluted 20 times for boron 
analysis. 0.5% HNO3 was added to all solutions to maintain acidic pH. The 
samples were analyzed in three replicates for data accuracy, with variation in 
results less than 5% of measured value. 
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iii) Calculation of experimental membrane boron rejection 
The FO membrane boron rejection (R%) was determined using the following 
equation:             
	 = 1 −	lm 	(%)																																																																																										(3.7)	  
where .1 represents boron concentration in permeate and .e represents boron 
concentration in feed, both in mg/L. 
iv) Ion Chromatogram (IC) 
Reverse solute diffusion from the Na2SO4 draw solution side to the seawater 
feed side was measured using the Dionex DX 500 IC. It helped measure the 
concentration of anions and cations in the feed seawater and the draw solution. 
v) Turbidity  
MF is used as a pretreatment for seawater. To study the effective performance 
of the MF system, turbidity was measured before and after the MF process. A 
nephelometer (Hach 2100 N Turbiditimeter, USA) was used for this purpose.  
vi) Total Organic Carbon (TOC) 
A TOC machine (VCSH, Shimadzu, Japan) was used to measure the total 
organic carbon in the feed seawater and in the MF, FO1, FO2 reactors and 
draw solution tanks. 
vii) Silt Density Index (SDI) 
GE Osmonics’ (USA) SDI kit was used for measuring the SDI of feed 
seawater, FO1 and FO2 reactor solutions. The SDI is a measure of the capacity 
of any feedwater to foul RO membranes. The SDI is determined from the 
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fouling rate of a 0.45-µm filter at a pressure of 30 psi and is described in the 
ASTM standard method D4189 (Eaton et al., 1997). The equation used to 
calculate SDI is as follows: 
oOpq =	

1 −	 ArAq ∗ 10015 																																																																				(3.8) 
where
 
t0 represents the time taken for collection of 500 ml sample volume 
initially and t15 represents the time taken for the collection of the 500 ml 
sample volume after 15-min filtration test.  
viii) Total Dissolved Solids (TDS) 
The TDS in the seawater and permeate samples are measured as per the 
Standard Methods D5907. An empty porcelain dish is initially weighed (W1). 
Next, a known amount of sample volume is added to the dish and evaporated 
to dryness in an oven at 103oC for 1-h. After cooling the porcelain dish in a 
dessicator, it is reweighed again (W2). The total dissolved solids content is 
calculated as follows: 
ZOo	(  V) = 	 @u −@vHDEVB	HY	XV DB																				(3.9) 
ix) Scaling Index (SI) 
The scaling index of any chemical is determined using Eqn.3.10 as follows : 
						op = 	 pHRG	(GARIRAJ	)CHEGA	(p)oHDEWRDRAJ	)CHEGA	(!]1	) 																				(3.10)		 
In order to identify the constituents of scaling on the membrane surface, the 
FO membrane was soaked in 500-mg/L citric acid for about an hour. The 
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membrane pieces were vortexed vigorously in the citric acid solution to 
extract the depositions from the membrane surface. The eluent solution was 
tested for the various ionic species using the ion chromatography and 
alkalinity tests. 
x) Water recovery 
Water recovery by the FO process is determined using Eqn. 3.11 as follows:       
						@ABC	BGHIBCJ	 =
	r^xg	re	]r^agy	'"gh	1ghg"Nyz	Nyr	h"'	"y{|r"^	ar^xg	re	egg	Ny	}g	hg"rh F	100	(%)																				(3.11)             
xi) Multiple cation analysis 
Merck’s multiple element standard solution was used as the standard to 
calibrate the ICP-OES instrument (illustrated above). The elements identified 
at their respective parent wavelengths were Aluminium (308.2 nm), Barium 
(455.4 nm), Copper (325.7 nm), Iron (238.2 nm), Manganese (257.6 nm), 
Strontium (407.8 nm), Chromium (267.7 nm), Nickel (231.6 nm), Lead (220.4 
nm) and Zinc (213.9 nm). The wavelength values were obtained from 
Standard Methods handbook (Eaton et al., 1997). 
xii) Bacteriological analysis 
The seawater and permeate samples were tested for Heterotrophic Plate Count 
(HPC) and Total Coliform Units (TCU). The agar media used were Hach's 
R2A agar broth and Millipore's m-Coliblue 24 broth for HPC and TCU 
analysis, respectively. Seawater and final permeate samples were diluted 100 
and 10 times, respectively, and subject to membrane filtration technique in 
order to detect the presence of HPC and TCU. For HPC, the incubation was 
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done for 48-h at 30oC, whereas for the TCU, incubation was done for 24-h at 
35oC. 
xiii) Membrane characterization techniques 
A digital microscope (Keyence digital microscope, VHX-500, Japan) with 
200x magnification was used to image the fresh and fouled membrane surface. 
Atleast 3 sampling locations were chosen for imaging each membrane sheet. 
An electrokinetic analyzer (EKA, Anton Paar, Austria), was used to measure 
the zeta potential of the FO membrane, with seawater as the electrolyte 
solution. Two sheets of FO membranes were placed in the cell holder, with the 
dense layers facing each other, interspersed by a feed spacer. The zeta 
potential was measured at differential pressure increments upto 400 mbar. The 
streaming potential values were repeated 3 to 5 times to obtain concurrent 
results within ± 0.5 mV range for low concentration and ± 5 mV for high 
concentration electrolyte solutions. 
SEM-EDX and FTIR imaging of the membrane surface were also carried out 
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4. Organic fouling of forward osmosis membrane – organic 
load variation and membrane orientation effects 
This section discusses the organic fouling of FO membrane under different 
organic load and membrane orientation. The fouling mechanism for both the 
dense and porous layers of the FO membrane was elucidated. Operating 
parameters such as the feed organic load and calcium in the feed were varied 
in order to study the extent of fouling on the FO membrane surface. Inherent 
membrane resistance and fouling layer resistance were calculated and their 
significance on fouling implications is discussed. Finally, the use of feed 
spacers to avert fouling in the FO membrane was studied. 
4.1. Effects of organic load 
In the PRO mode, the results showed that membrane fouling increased with 
increasing organic concentration in the feed solution. Upon completion of the 
20-h study, very loose organic layers were found on the membrane surface. 
This was expected since a higher organic loading would increase the external 
CP effect of organics on the membrane surface, leading to more severe organic 
fouling and hence flux reduction. The flux decline was greater for 50 mg/L of 
organics in the feed solution than for 30 mg/L, and was minimal for 10 mg/L. 
The SEM images of fouled membranes showed greater foulant deposition on 
the membrane surface for 30 mg/L of organics in the feed solution (Fig. 4.1b) 
than for 10 mg/L (Fig. 4.1a).     
 
1
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Figure 4.1. SEM images of FO membrane (in PRO mode) fouled with (a) 10 mg/L; and (b) 30 mg/L of 
TOC. 
 
In addition, different fouling distributions were observed over the membrane 
surface, with excess fouling along the edges (due to laminar flow profiles) and 
meagre fouling at the membrane central area (relatively more turbulent zone 
compared to the edges). Figure 4.2 shows the SEM images of fouled 
membranes in the central region and along the edges tested with 30 mg/L of 
organics in the feed solution. Excessive deposition of organics was observed at 
the membrane edges while minimal deposition of organics was observed at the 
membrane central area. This result is in accordance with the boundary layer 
theory along a plate or within a pipeline, whereby the Reynolds number 
increases with distance from the leading edge of the plate, thus leading to an 
increase in turbulence (McCabe et al., 2001). On the other hand, laminar flow 
regime (i.e., lower flow velocity) was still predominant at the edge of the 
membrane test cell, leading to more prevalent foulant deposition along the 
edges. Around the membrane central area, turbulence set in as a result of 
higher velocity gradient, thus scouring off the foulants and preventing their 
deposition on the membrane surface, leading to reduced fouling. 
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Figure 4.2. SEM images of membrane fouled at the (a) central area (turbulent zone with 
fouling); and (b) side area (laminar zone with 
 
4.2. Effects of 
Fouling tests were conducted with two membrane orientations, namely, the FO 
mode (i.e., dense layer facing the feed) and the PRO mode (i.e., porous layer 
facing the feed).
FO and the PRO mode for different organic loading. Since the concentration 
of the draw and feed solutions were maintained constant, there was no flux 
loss observed for both the PRO and FO mode throughout the 20
experimental run in the absence of organic foulant 
presence of organic foulants in the feed solution, 
decline was observed when the FO membrane was tested in the PRO mode as 
shown in Figs. 
signifying severe fouling. The flux decline was the most severe at the highest 
organic loading of 50 
observed in the FO mode for all organic concentr
tested throughout the experimental runs,
greater fouling resilience 




 Figures 4.3 and 4.4 compare the flux decline profiles in the 
(Fig. 4.3a).
a different degree of flux 
4.3b, c and d. In general, the water flux dropped rampantly, 
mg/L (Fig. 4.3d). However, minimal flux decline was 
ations in the feed solution 
 suggesting that the FO mode has a 






 However, in the 
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crossflow velocity of 50 cm.s
studies (Lee et al.
Figure 4.3. Profiles of
mg/L of TOC; (c) 30 
draw solution, 0.05M ionic strength feed and crossflow velocity of 50 cm s
                
Figure 4.4. Average water flux at the end of 20





, which is much higher than those used in other 
, 2010). 
 water flux versus time in FO and PRO mode. (a) Baseline 
mg/L of TOC; and (d) 50 mg/L of TOC. Common testing conditions: 2M NaCl 
-1
. 














 PRO mode  FO mode




- 0 mg/L of TOC; (b) 10 
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In the FO mode, the water flux at the end of the 20-h test run in the absence of 
organics was 24 L.m-2.h-1, while those with 10, 30 and 50 mg/L of organic 
loads showed a water flux of 22.8, 21.6 and 19.2 L.m-2.h-1, respectively. 
Hence, the water flux reduction after 20-h in the presence of maximum 
organics concentration (i.e., 50 mg/L of TOC) was about 20%. However, in the 
PRO mode, the water flux decreased from 33 to 18 L.m-2.h-1 (45% flux 
reduction) when the TOC concentration in the feed increased from 0 to 50 
mg/L. Hence, the results confirmed that minimal fouling of the dense layer of 
the FO membrane was observed when the FO membrane was tested in the FO 
mode. Table 4.1 summarizes the water flux at the end of each 20-h experiment 
run for both FO and PRO modes for the various solutions tested. In general, 
the initial water flux in the PRO mode was always greater than that of the FO 
mode under similar testing condition due to less severe concentrative ICP in 
the PRO mode compared to the dilutive ICP observed in the FO mode. For 
example, in the absence of organics, the PRO water flux (33 L.m-2.h-1) was 
27% higher than the FO water flux (24 L.m-2.h-1). In the presence of organics, 
the PRO water flux dropped significantly. With 50 mg/L of organic load, the 
PRO water flux dropped to 18.0 L.m-2.h-1 after 20-h, while the FO water flux 
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Table 4.1. Average water flux at the end of each 20-h experimental run with FO membrane tested in PRO 
and FO mode. Common testing conditions: 2M NaCl draw solution, 0.05M ionic strength feed solution 






Water Flux (LMH) at the end of 20-h experimental run 
(% reduction in water flux compared to Baseline) 




















The effects of internal concentration polarization within the porous support 
layer of the FO membrane on the reduction of water flux under FO and PRO 
mode have been reviewed earlier (Cath et al., 2006; McCutcheon and 
Elimelech, 2006). Dilutive ICP affects the FO mode, while concentrative ICP 
affects the PRO mode. Though the dilutive ICP (in FO mode) is considered 
more severe than the concentrative ICP (in PRO mode), the flux decline in the 
FO mode is not as great as the PRO mode (Tang et al., 2010). This fact is 
consistent with the results presented in Figs. 4.3 and 4.4, as well as in Table 
4.1. In the FO mode, the dense membrane layer showed excellent flux stability 
against fouling on the membrane surface. This is due to the 'self compensating 
ICP' effect, as coined by Tang et al. (2010). However, in the PRO mode, even 
though the concentrative ICP was less severe, other factors such as a larger 
membrane surface porosity and rougher structure resulted in rapid fouling and 
consequently, a much greater flux decline. 
Higher fouling rates observed in the PRO mode (i.e., the porous layer facing 
the feed solution) as compared to the FO mode (i.e., the dense layer facing the 
feed solution containing foulants) could also be attributed to the porous layer 
of the membrane that allowed foulants from the feed solution to be trapped 
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easily within it (leading to pore blocking) and hence causing rapid fouling in 
the PRO mode. On the other hand, the tighter and smoother structure of the 
dense layer eliminated pore blocking, resulting in a lower fouling propensity 
in the FO mode. In addition, a close scrutiny of the fouled membrane SEM 
images showed the formation of organic and inorganic fouling on the 
membrane surface. Organic foulants generally possessed irregular and random 
structures as shown in Figs. 4.5a and b, while salts had a well defined 
crystalline structure as shown in Figs. 4.5c and d. The clear distinction 
between the two types of fouling can be seen in Fig. 4.5e. Apart from the pore 
blockage effects that led to rapid fouling in the PRO mode, the rougher 
membrane surface also contributed towards fouling significantly. The flux 
decline results fit well with the hypothesis made by Li et al. (2007) that the 
variation in the membrane surface roughness affects the adhesion of the 
foulant molecules to a great extent. The rougher surface (i.e., porous side of 
the membrane) allows foulant molecules to attach more easily than the smooth 
surface (i.e., dense side of the membrane). Figure 4.6 illustrates the different 
fouling behaviour of the rougher and more porous layer compared to the dense 
and smooth surface layer of FO membrane. The dense layer of the FO 
membrane, owing to its smoother and tighter structure fouled at a slower pace 
compared to the rougher porous layer. The mean surface roughness of the 
dense and porous layers of the fresh FO membrane were found to be 66 and 
105 nm, respectively, using the AFM in dry tapping mode (Figure 3.9). The 
results asserted that the dense layer is smoother and tighter than the porous 
layer, suggesting of a greater fouling potential of the porous layer than the 
dense layer which has been reported by others (Vrijenhoek et al., 2001). 
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This clearly indicates excellent flux stability and resilience of the FO 
membrane dens
  
Figure 4.5. SEM images of (a) and (b) organic foulants on FO membrane surfaces; (c) and (d) salt 
crystals on FO membrane 
membrane surface. 
                                                                        
Figure 4.6. Illustration of (a) a smoother and non
lesser fouling; and (b) a rougher and more porous FO membrane porous layer surface having greater 
pore plugging and subsequent fouling
 
To investigate the impact of foulants on the 
fouled membranes obtained after the 20
and scanned with an AFM in dry
Membrane Orientation effects
e layer against foulants for the operating conditions tested.
surfaces; and (e) magnified image of organic foulant and salt crystal on FO 
- porous FO membrane dense layer surface having 
 (adapted and modified from Li et al., 2007)
roughness of FO membranes, 
-h experimental runs were prepared 






        
. 
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surface roughness increased with foulant organic loading from 10 to 50 
Figures 4.7a, b and c
fouled by 10, 30, 50 
roughness of the fouled layers, which 
30 and 50 mg/L
increased the membrane fouling rate with higher organic load by increasing 
the adhesion tendency of the incoming foulants during the process. 
the built-up of
tended to get easier due to foulant
Figure 4.7. AFM images of membrane (porous side) fouled with (a) 10; (b) 30; and (c) 50 
Roughness analysis of membrane (porous side) fouled with (c) 10; (d) 30; and (e) 50 
roughness were found to be 240,
respectively. 
 
Another probable factor leading to rapid 
be due to the impact of 
phenomenon (Boo
proposed that the pore
Membrane Orientation effects
 show the AFM images of the porous membrane surfaces 
mg/L of TOC, respectively. Figures 4.7d, e and f
averaged 240, 318 and 445
 of TOC, respectively. Thus a higher foulant layer roughness 
 an initial foulant layer on the membrane, foulant
-foulant interactions. 
 318 and 445 nm for membrane fouled with 10, 30 and 50 
flux decline in the PRO mode could 
the cake-enhanced osmotic pressure (CEOP) 
 et al., 2012; Tang et al., 2010; Lee et al.




 show the 




mg/L of TOC; 
mg/L of TOC. The 
mg/L of TOC, 
, 2010). It has been 
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membrane in the PRO mode may lead to an enhanced ICP, resulting in flux 
decline. In addition, salts diffuse across the membrane from the draw solution 
to the feed solution side as the FO membrane only has salt rejection between 
99 and 100%. This draw solute accumulates within the fouled porous support 
layer, aggravating the CEOP within the porous layer and leading to a reduction 
in the differential osmotic pressure for water flux across the membrane. Thus 
three contributing factors: (i) porous layer morphology (i.e., roughness and 
porosity); (ii) enhanced ICP; and (iii) CEOP caused by pore plugging, may 
result in rapid fouling and consequently, flux decline in the PRO mode. 
4.3. Effects of Ca2+ inclusion 
Experiments were conducted with feed solutions containing 30 and 50 mg/L of 
TOC and Ca2+ ions (5 mM) with the total ionic strength adjusted to 0.05M by 
addition of NaCl. Generally, Ca2+ binds to carboxylic acid groups in natural 
organic matter (NOM) and causes massive fouling (Li et al., 2007). Figures 
4.8a, b and c show the water flux profiles for both PRO and FO mode. When 
the FO dense layer was subjected to a feed solution containing calcium and 
organic foulants, the flux remained almost constant throughout the 20-h of the 
experimental run. However, in the PRO mode, the water flux declined sharply 
within the first 1-2 h, followed by a gradual decline subsequently. The 
previous tests without Ca2+ inclusion showed that the water flux in PRO mode 
after 20-h dropped by 36% (from 33.0 to 24.0 L.m-2.h-1) for 30 mg/L of TOC 
in the feed solution and by 45% (from 33.0 to 18.0 L.m-2.h-1) for 50 mg/L of 
TOC. With the inclusion of Ca2+, the reduction in water flux was as high as 
85% (from 33.0 to 4.8 L.m-2.h-1) in the PRO mode, owing to Ca2+ binding 
effects associated with the loose rough structure of the porous layer. In 




significant change in the water flux even in the presence of Ca
although calcium
structure of the dense layer of the FO membrane 
the crossflow velocity of 50 
the membrane surface, thus reducing the effects of 
membrane surface.
                                                
Figure 4.8. Water flux profiles in the absence and presence of Ca
Mode; and (c) Water flux
(5 mM). Common testing conditions: 2M NaCl draw solution, 0.05M ionic strength feed and crossflow 
velocity of 50 cm.s-1
 
For the PRO mode, based on the water flux decline curves,
inherent and fouling resistances (considered individually) were calcula
Membrane Orientation effects
 the FO mode, for the test duration of 20
-foulant interactions could cause fouling, the smooth 
limited fouling.
 cm.s-1 was high enough to shear off foulants from 
ECP on the dense 
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separately according to flux-resistance models (Eqns. 2.1 and 2.2) (cf. section 
2.3.1). The results of fouling resistance with different TOC loading in the feed 
solutions in the absence and presence of 5mM Ca2+ during and at the end of 
the 20-h experimental runs in PRO mode are shown in Fig. 4.9 and Table 4.2, 
respectively. The membrane fouling resistances were calculated based on the 
bulk concentrations of feed and draw solutions. The individual foulant layer 
resistances without Ca2+ for 10, 30 and 50 mg/L of TOC in the feed solutions 
tested in PRO mode were found to be 2 x 1013, 9 x 1013 and 2 x 1014 m-1, 
respectively (with a viscosity of 4.58, 4.60 and 4.62 cP for the 10-, 30- and 50-
mg/L TOC feed solutions, respectively). Compared to the inherent membrane 
resistance of the FO membrane, which averaged 2.5 x 1014 m-1 (with a feed 
solution viscosity of 4.56 cP without any organics), the individual foulant 
layer resistances were about an order of magnitude lower than the membrane 
inherent resistance. In the presence of 5 mM of Ca2+ in the feed solution, the 
individual resistances (in PRO mode) for 30 and 50 mg/L of TOC in the feed 
solution increased to 7 x 1014 and 1.2 x 1015   m-1, respectively. Therefore, the 
foulant layer resistance increased with an increase in organic loading and the 
increase was higher in the presence of Ca2+. With an increasing organic 
concentration in the feed solution, the foulant layer deposition on the 
membrane surface increases. Hence, the foulant layer resistances increase with 
an increasing organic concentration. The delta flux reduced per unit resistance 
increase has also been calculated and shown in Table 4.3. These values show a 
declining trend with increasing organics concentration. This is because the 
'resistance increase' value is much greater in magnitude than the 'flux drop' 
values. 
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Membrane Resistance(Rm) 10 ppm 30 ppm 
50 ppm 30 ppm +5mMCa2+ 50 ppm +5mMCa2+
 
Figure 4.9. Resistance (m-1) versus experimental time in the absence and presence of 5 mM of Ca2+ (FO 
membrane tested in PRO mode). 
 




Membrane Resistance (Rm) 
Foulant Layer Resistance (Rf) for 10 mg/L TOC 
Foulant Layer Resistance (Rf) for 30 mg/L TOC 
Foulant Layer Resistance (Rf) for 50 mg/L TOC 
Foulant Layer Resistance (Rf) for 30 mg/L TOC + 5mM Ca2+ 
Foulant Layer Resistance (Rf) for 50 mg/L TOC + 5mM Ca2+ 
2.5 x 1014 
2 x 1013 
9 x 1013 
2 x 1014 
7 x 1014 
1.2 x 1015 
 

















10 6.0 1.9x1013 3.2 x10-13 
30 10.0 6.2 x1013 1.6 x10-13 
50 16.2 1.8 x1014 9.0 x10-14 
30+5mM Ca 25.4 4.9 x1014 5.2 x10-14 
50+5mM Ca 28.7 9.8 x1014 2.9 x10-14 
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FTIR images of FO membrane surfaces after 20-h of experimental runs with 
feed solutions containing organics (i.e., 30 mg/L of TOC) and those with 
organics and Ca2+ (30 mg/L of TOC and 5 mM of Ca2+) were taken. The FTIR 
curve with organics alone (Fig. 3.7) resembled that of the fresh FO membrane 
as shown in Fig. 4.10. However, the curve in the presence of Ca2+ lacked 
certain inherent fresh membrane peaks. Indeed, the peaks of C=O stretching at 
1740 cm-1 and C-C-O stretching at 1219 cm-1 were not detected for the 
membrane subjected to organics and Ca2+. This suggests that Ca2+ in the feed 
was deposited on the membrane surface and caused membrane fouling. 




















 30 ppm foulant  30 ppm foulant +5mMCa2+
 
Figure 4.10. FTIR images of fouled membrane surfaces in the presence and absence of Ca2+. 
 
The fresh and fouled membranes were further subjected to elemental analysis 
using EDX and the results are shown in Table 4.4. The fresh membrane 
showed maximum carbon composition of 56% (since it is composed of 
cellulose triacetate). For the fouled membrane subject to no Ca2+ in the feed, 
the elemental composition of deposits showed greater percentage of Na+ and 
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Cl- (about 20% elemental composition each), because Na+ and Cl- were major 
constituents of the feed solution. For those membranes subjected to a feed 
solution containing Ca2+, high elemental percentage of calcium (about 20%) 
and reduced elemental percentage of carbon (20%) were recorded. This 
confirms the deposition of Ca2+ over the fouled membrane surface.  
 






with feed solution 
containing 30 mg/L of 
organics and 0 mM of 
Ca2+ 
Membrane fouled 
with feed solution 
containing 30 mg/L of 
organics and 5mM of 
Ca2+ 
C K* 56 42.19 20.88 
N K 11.02 5.25 0.05 
O K 29.51 13.24 39.29 
Na K 0.28 17.14 1.25 
P K 2.33 0.47 13.2 
S K 0.58 0.58 1.14 
Cl K 0.28 21.13 1.89 
Ca K 0 0 22.3 
*implies shell number 
 
Tests were further carried out with increasing concentrations of calcium ions 
in order to study the effects of fouling on the membrane surface, both in the 
FO and PRO mode. Fouling experiments were performed with feed solutions 
of 100 mg/L of TOC with 0.1 and 1.0 mM of Ca2+. In the presence of 1 mM 
Ca2+, the decline in flux was sharper than with 0.1 mM Ca2+
. 
These results 
demonstrate that an increase in calcium concentration enhanced the 
complexation phenomena between molecules present in the feed solution, 
resulting in more severe membrane fouling.  In the FO mode (Fig. 4.11), the 
flux was reduced from 12 to 8 LMH for a feed solution of 100 mg/L organics 
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with 0.1 mM of Ca
also be attributed to concentration polarisation effects. In the PRO mode, the 
flux decline was more severe. 
TOC without any calcium
inclusion of 1 
within 6-h of operation. The fact that the calcium complexes affected the flux 
in the PRO mode more 
their clogging up 
As mentioned previously, the effect of
membrane in the FO mode 
by increasing the operating 
 
Figure 4.11 Profile of water flux 
mode; and flux of 100 
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severely than in the FO mode could
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crossflow velocity. 
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humic acid. Generally, at neutral and lower pH (the pH of the feed solution in 
this test was 7-
al. (1988) illustrated several reactions for humic
prominent of them being shown in Fig. 4.12b. According to the literature 
(Dijk, 1971; Christl, 2012
protonation of the carboxylate ion (COO
from the adjacent 
with Ca2+ to form a chelate
Figure 4.12. (a) Humic acid structure; and (b) Humic acid
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literature (Wang
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the repulsion of the reduced negatively charged humics-calcium complex and 
the negatively charged membrane, facilitating the deposition of the humics-
calcium complex on the membrane surface. The results obtained in this study 
also showed similar phenomena caused by the addition of Ca2+ in the feed 
solution, leading to humics-calcium deposition on the porous FO membrane 
surface (in PRO mode) and ultimately to severe water flux decline.  
4.4. Effect of feed spacer on fouling mitigation 
Feed spacer is proven to be effective when employed in pressure-driven 
processes like RO. Hence, it was intended to study its effects when used in the 
FO treatment process. It was hypothesized that the presence of the feed spacer 
would alleviate the degree of membrane fouling and control the decrease in 
permeate flux to a certain extent. The feed spacer used in this study was a 
polypropylene mesh with a mesh size of 2.5 x 2.5 mm and a thickness of about 
1 mm.  
To study the effect of feed spacer on fouling, experiments were performed 
with feed solutions containing 100 mg/L of organics with 1.0 mM of Ca2+. 
Results in the FO mode indicated no serious improvements in flux decline 
upon the usage of the feed spacer as shown in Fig. 4.13a. In fact, a slightly 
higher flux decline was observed in the presence of a feed spacer. Indeed, the 
presence of the feed spacer caused most of the foulants to be spread evenly 
across the entire membrane surface along the feed spacer channels (Fig. 
4.13d), which might have accounted for this decrease in flux. In the absence of 
the feed spacer, however, the foulants were mostly concentrated along the 
edges of the membrane (Fig. 4.13c). The feasibility of the usage of a feed 
spacer in the PRO mode was also studied (Fig. 4.13b). We previously 
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discussed the extent of 
mg/L TOC with 1 
a feed spacer under the same 
slightly reduced
compared to 2 LMH without 
served its purpose
the turbulence 
difficult for the calcium complexed foulants to clog the membrane porous 
layer. As a result, it reduced the propensity for fouling and allowed 
passage more efficiently.
Figure 4.13. Profile 
spacer for (a) FO mode; and (b) PRO mode
feed solution of 100 
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fouling on the membrane when a feed solution of 100 
mM Ca2+
 
was used as the feed solution. With the addition of 
operating conditions, the fouling
. After 24-h, the flux with the feed spacer averaged
it. This data indicates that the feed spacer had
 to some extent in improving the flux, possibly by increasing 
on the porous layer surface in the PRO mode, thereby making it 
 
of water flux decline for 100 mg/L organics and 1.0mM Ca2+
; Photographic images of membrane in FO mode subject to a 
mg/L organics with 1 mM Ca2+ (c) without feed spacer; and (d) with feed spacer.
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The prime reasoning as to why the feed spacer could not greatly avert fouling 
in the FO mode is possibly because there was a much less severe ECP in the 
FO mode as compared to the ICP in the PRO mode. While the feed spacer 
improved the efficiency of the operational process in the PRO mode, it was a 
hindrance to water flow in the FO mode. In the FO mode, the ECP was 
minimal due to the smoothness of the active layer facing the feed solution, and 
thus the use of a feed spacer impacted negatively on the water flux. The extent 
of fouling in the PRO mode was much higher than in the FO mode. Hence, the 
inclusion of the feed spacer helped reduce fouling by promoting turbulence on 
the porous layer surface in the PRO mode. 
4.5 Contributions of this study 
* The unique features of this section were FO fouling studies being conducted 
by nullification of solution concentrations factors; which brought in more 
relevance to the study by decoupling effects of fouling and concentration 
factor. 
* This study is the first to have investigated the impact of low organic 
concentration (10-50 mg/L TOC) on fouling of FO membrane in both 
orientation modes. It was concluded that organic fouling on the dense layer of 
the FO membrane (FO mode) is more resilient than the membrane porous 
layer (PRO mode) for the operating conditions tested. 
* Determination of membrane and foulant layer resistances for fouling on FO 
membrane surface were comprehensive in substantiating the flux decline 
profile. 
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* Since, actual secondary effluent conditions were mimicked in this study, the 
flux decline and resistance values calculated are more reliable and could be 
used as preliminary data for scaling up future FO experiments and drawing 
conclusions on the degree of fouling based on the wide range of organic 
concentrations tested (10, 30 and 50 mg/L organics, 30 + 5mM Ca2+ and 50 + 
5mM Ca2+). 
* The effects of feed spacer in mitigating fouling was studied in both the 
orientation modes and it was concluded that the applicability of a feed spacer 
was unnecessary in the FO mode, however was a necessity in the PRO mode 
(for the operating conditions tested). 
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5. Forward Osmosis Organic Fouling: Fouling Reversibility, 
Cleaning and Fouling models 
This section elucidates the fouling phenomena on FO membranes at various 
organic loads and CFVs. FO membranes were shown to tolerate high organic 
loads over a prolonged period of time, provided that the crossflow velocities 
are high enough to shear off the foulants from the membrane surface. The 
fouling rates at various crossflow velocities were investigated in this study. 
Since fouling is a long-term dynamic process, a long operation running time is 
required to understand the effects of fouling and recovery after membrane 
cleaning. ‘Pulsating’ cleaning with deionised water is the cleaning technique 
implemented in this study. Scanning electron microscopy, Fourier transform 
infrared spectroscopy, energy dispersive X-ray and confocal laser scanning 
microscopy were used to detect the foulants over the FO membrane surface. 
Furthermore, based on the water flux results, a fouling model (i.e., cake 
formation model) was elaborated. 
 5.1. Effects of crossflow velocity 
The CFV across the membrane surface plays a major role in controlling the 
degree of fouling. The foulant scouring velocity increases with CFV, leading 
to reduced deposition over the membrane surface. To investigate this aspect, 
the membrane in FO mode was subject to 50 mg/L of organic foulant with 
variable CFVs of 6.7, 25 and 50 cm.s-1 during 3 different fouling runs for a 
period of 48-h. The flux decline curves showed that for the given operating 
conditions, a critical CFV existed below which fouling was initiated (Fig. 5.1). 
At the lowest CFV tested (i.e., 6.7 cm s-1; Nre of 200-300), fouling occurred 
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after about 30-h in the presence of 50 mg/L of organics. At higher CFV, the 
extent of fouling was reduced and hence there was no significant flux decline. 
This observation confirms the beneficial effect of higher CFV for minimizing 
fouling, whereby an increase in turbulence at high CFV leads to an increase in 
the scouring of the foulants, which hinders their deposition over the membrane 
surface. The results suggest that the FO membrane has a low fouling tendency 
for feed water with a high organic concentration, particularly when operated in 
the FO mode at a high CFV. 






















 6.7 cm/s  25 cm/s  50 cm/s
 
Figure 5.1. Impact of crossflow velocity on flux decline. Common testing conditions: 2M NaCl draw 
solution; 50 mg/L TOC - 0.05M ionic strength feed; FO mode. 
 
Direct and indirect methods of fouling remedies were provided by Gekas and 
Hallström (1990). While direct methods involved periodic back flushing (i.e., 
cleaning) and use of turbulent promoters like abrasive materials, indirect 
methods involved feed solution pretreatment and proper choice of operational 
conditions (e.g. increase in CFV). Hence, increasing the CFV could help 
reduce fouling to a great extent. The same was also reported in the 1970s by 
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Sheppard and Thomas, who conducted fouling experiments on RO membranes 
(using untreated river water as feed) at CFV of 24 ft.s-1 (i.e., 732 cm.s-1) and 
1.64 ft.s-1 (i.e., 50 cm.s-1). They concluded that fouling at 24 ft.s-1 was 
minimal. Hence, high CFV can help reduce the fouling extent on the 
membrane surface greatly. 
5.2. Effects of organic load variation  
A comparison of feed solutions of variable TOC concentrations (50 mg/L, 100 
and 200 mg/L with 0.5mM Ca2+) was conducted at low CFV of 6.7 cm.s-1. The 
results show that increasing organic concentration led to a steeper flux decline. 
For 50 mg/L of organics, the flux decline occurred after 30-h; however, for 
100 and 200 mg/L of organics with 0.5 mM Ca2+, a steep flux decline was 
observed within 24 and 10-h, respectively (Fig. 5.2a). Past studies focused on 
short testing durations without a repetition of fouling cycles. For example, Mi 
and Elimelech (2010) conducted tests for a duration of 24-h and monitored the 
initial water flux obtained after membrane cleaning. Yet, much longer test 
duration of 48-h per fouling cycle was adopted in the present study, allowing 
the flux decline to stabilize. Subsequently, the membrane was subjected to 
mechanical cleaning as explained in section 3.1.7. After cleaning, the 
membrane was subjected to another 48-h of experimental run to check for flux 
recovered after the membrane cleaning. Subsequently, the same membrane 
cleaning procedure and fouling experiment were repeated again, resulting in a 
total of three fouling cycles for each experimental run. Figure 5.2b shows that 
after mechanical cleaning, the water flux recovered back to its initial value, 
suggesting reversible fouling. The same phenomenon was observed even after 
2 cleaning cycles. This indicates that the FO membrane could function 
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exceptionally well over an extended period of time and under high or
loads, provided that mechanical cleaning was performed at regular time 
intervals. Generally, cake formation on the membrane surface 
as shown after membrane cleaning. 
foulant cake layer 
back to its initial value,
was negligible. Had there been severe pore plugging phenomena, the initial 
water flux would 
determination of fouling layer resistances 
Figure 5.2. (a) Flux decline profile
Flux decline and flux recovery (after cleaning) profiles with organic concentrations (100 
mg/L with 0.5 mM Ca
cm.s-1; FO mode; and test duration of 48
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Indeed, after mechanical cleaning, the 
was scoured off completely and the water flux 
 demonstrating that pore plugging 
not have recovered. This fact was confirm
(cf. section 5.4). 
 of 50 mg/L TOC, 100 and 200 mg/L TOC with 0.5 mM Ca
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The SEM (Fig.5.3) images of the fouled membranes subjected to different feed 
solution organic concentrations showed that the fouled layers formed a cake-
like structure on the membrane surface. Furthermore, the foulant layer surface 
obtained with a feed solution organic concentration of 50 mg/L (Fig. 5.3a) was 
not as compact as those obtained with higher concentrations (Figs. 5.3b and c). 
The foulant layer obtained at 50 mg/L of organics appeared to be loose and 
fluffy, while that exposed at 200 mg/L of organics looked compressed and 
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Figure 5.3. SEM images of fouled membrane surfaces with feed solutions (a) and (b) 50 
and (d) 100 mg/L TOC with 0.5mM
 
5.3. Effects of membrane cleaning duration on FO flux recovery
The FO membrane cleaning was carried out at three different durations of 1, 5 
and 30-min. For each cleaning duration and pulsating cleanin
water flux recovered is listed in 
organics with 0.5 mM Ca
Fouling Reversibility and Cleaning studies
 Ca2+;  and (e) and (f) 200 mg/L TOC with 0.5mM Ca
Table 5.1. For a feed solution of 100 
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fouling test averaged 18 L.m-2.h-1. After 1, 5 and 30-min cleaning, the flux 
recovered to 15.6, 17.3 and 19.2 L.m-2.h-1, respectively (Fig. 5.4). It should be 
noted that 5-min cleaning time was sufficient to recover about 96% of the 
initial flux. However, with a longer cleaning duration of 30-min, the flux 
recovered overshot the initial flux. Further investigation is required to explain 
this phenomenon. Furthermore, cleaning performed with a CFV variation, i.e., 
pulsating effect, compared to constant CFV allowed slightly higher flux 
recovery up to 3% for 1-min cleaning duration and 7% for 5-min. Therefore, it 
can be concluded that a pulsating CFV improved the water flux recovery. A   
1-min cleaning time was insufficient to scour off foulants from the membrane 
surface, even with pulsating effect, but a 30-min cleaning time appeared too 
time-consuming and therefore 5-min was found optimal for FO-membrane 
cleaning. Similar results were obtained for a feed solution of 200 mg/L 
organics concentration with 0.5 mM Ca2+. The cleaning time duration is a very 
critical factor during plant operation as it affects the overall plant throughput. 
Thus, the lesser the cleaning time to attain the initial water flux, the more 
advantageous it is for the FO membrane process. FO stands a better chance in 
this regard owing to its fouling resistance and reduced mechanical cleaning 
time. 
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Table 5.1. FO membrane cleaning efficiency. 
Feed: 100 mg/L of organics with 
0.5mM Ca2+ 
 
Initial Flux (Ji) 
 
Flux after cleaning (Jc) 
 
30 min (with CFV* variation) 
5 min (with CFV variation) 
5 min (without CFV variation) 
1 min (with CFV variation) 

























Feed: 200 mg/L of organics with 
0.5mM Ca2+ 
 
Initial Flux (Ji) 
 
Flux after cleaning (Jc) 
 
30 min (with CFV variation) 
5 min (with CFV variation) 
2 min (with CFV variation) 
























*CFV- Crossflow velocity 







































Figure 5.4. Initial flux and flux recovered after mechanical cleaning of FO membrane surface over 
periods of 1, 5, and 30 min with and without crossflow velocity variation for a feed solution of 100 mg/L 
of organics with 0.5mM Ca2+. 
To assess the mechanical cleaning performance qualitatively, photographic and 
SEM images of the fouled and cleaned membrane are taken and the results are 
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shown in Figure 5.5. FTIR images of the fresh, fouled and clean membranes 
are shown in Figure 5.6. It can be seen that the fresh membrane and the 
cleaned membrane had similar curves and peak points (C = O stretching at 
1740 cm-1, C-C-O stretching at 1219 cm-1, C-O stretching at 1038 cm-1). These 
peaks represent the basic functional groups in CTA-made FO membrane. 
However, the fouled membrane lacked these peak points which could be 
attributed to fouling. Based on FTIR, SEM and photographic images, 
mechanical cleaning successfully removed the foulant from the membrane 
surface. In addition, CLSM images of fouled and clean membranes confirmed 
the absence of organics (i.e., proteins and polysaccharides) after cleaning 
(Figure 5.7). General membrane cleaning literature supports periodic cleaning 
such as back flushing and hydraulic cleaning when reversible fouling occurs, 
while chemical cleaning is recommended when irreversible fouling sets in, 
i.e., when mechanical cleaning becomes inefficient (Gekas and Hallström, 
1990; Trägårdh, 1989). From the flux decline curves obtained in this study, the 
FO membrane was able to recover to initial water flux after each mechanical 
cleaning, suggesting reversible fouling of the membrane and no necessity for 
chemical cleaning, thus saving on membrane maintenance costs.  
 





(a) before cleaning; and (b) after 5 min cleaning; 100 
cleaning; and (d) after 5 min cleaning. SEM images of membrane (e) before
mechanical cleaning.
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Figure 5.7. CLSM images of membrane surfaces subject to polysaccharides
probe stain (a) and (b) fouled membrane images at two different locations; and (c) and (d) cleaned 
membrane images at the two locations; and CLSM images of membr
sypro orange fluoro conjugate probe stain (e) fouled membrane; 
 
5.4. Determination of fouling layer resistances
The cake formation model was elaborated using Eqn. 2.3 and 
flux decline curves
Fouling Reversibility and Cleaning studies
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ane surfaces subject to proteins
and (f) cleaned membrane image.
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100 and 200 mg/L of organics with 0.5 mM Ca2+. Figure 5.8 shows the 
curvilinear plots of t/V versus V (Park et al., 2006; Schippers et al., 1981). The 
plots in Fig. 5.8a resemble the theoretical curves in Fig. 2.7 and the 
explanation in section 2.3.3. The curvilinear plots suggest the presence of 
initial blocking filtration followed by cake formation. The cake formation 
period for 50, 100 and 200 mg/L of organics with 0.5 mM Ca2+ solutions 
averaged 26, 12 and 3-h, respectively. This confirms the onset of early cake 
formation for 200 mg/L of organics with 0.5 mM Ca2+ solution. In order to 
determine the cake resistances, the slopes of the straight portion of the curves 
were determined as illustrated in Fig. 5.8b. The slopes, termed as Membrane 
Fouling Index (MFI), averaged 0.09, 1.13 and 14.41 h.L-2, respectively for 50, 
100 and 200 mg/L of organics with 0.5 mM Ca2+ solutions. From the slopes of 
the curves, the specific cake resistance, α, and hence the cake resistance cR
could be determined using Eqn. 2.5. The cR values for 50, 100 and 200 mg/L 
of organics with 0.5 mM Ca2+ were calculated as 1.5 x 1016, 1.1 x 1017 and 5.6 
x 1017 m-1, respectively. It was observed that with increasing organic 
concentration of foulants in the feed solution, the MFI and cake resistances 
increased proportionally. The total mR + bR was calculated from the intercept 
of the plots (Fig. 5.8c) as per Eqn. 2.4. The membrane resistance mR  was 
determined from the baseline water flux experiments (Eqn. 2.6) and equalled 
3.3 x 1014 m-1. The baseline flux ( 0J ) for the FO experiments equalled 25 L.m-
2
.h-1 at CFV of 6.7 cm.s-1. Thus, bR  could be determined once   is 
calculated. The pore blocking resistance   was negligible and much lower 
than the inherent membrane resistance mR . The slopes, intercepts and the 
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respective resistances are shown in Table 5.2. The effective membrane cross-
sectional area was calculated as 0.00125 m2. The viscosity of 50, 100 and 200 
mg/L of organics with 0.5 mM Ca2+ solutions were experimentally measured 
to be 0.00462, 0.00484 and 0.00505 kg.m-1.s-1, respectively. The results 
ascertain that cake formation was the prime cause of fouling, with pore 
blocking imparting no significant resistance to fouling. Fig. 5.8d shows a bar 
chart of the various resistances calculated. The cake resistances were found to 
be much higher than the inherent membrane resistances, about three orders of 
magnitude higher. As explained earlier, mechanical cleaning methods are 
sufficient to limit reversible cake formation. After membrane cleaning, 
completely reversible flux recovered proved that cake formation was 
accompanied by negligible pore plugging. Therefore, the fouling of the FO 
membrane can be attributed to reversible cake formation only. Hence, the cake 
formation theory supports our experimental results, demonstrating the 
resilience of FO membranes against fouling.  
Table 5.2. Determination of bR  and cR from t/V versus V plots. 
Organics concentration 
(mg/L) 
50 mg/L 100 mg/L 200 mg/L 
Ca2+ concentration (mM) 0 0.5 0.5 
Organic  Load (kg.m-3) 0.05 0.1 0.2 
Linear Slope[MFI] (h.L-2) 0.09 1.13 14.41 
Intercept (h.L-1) 5.06 5.19 5.42 
Viscosity (kg.m-1.s-1) 0.00462 0.00484 0.00505 
mR + bR -Membrane + Pore 
blocking  resistance, m-1 
5.13x1013 5.024x1013 5.016x1013 
mR  , m
-1
 




negligible negligible negligible 
α -  Specific cake resistance, 
m.kg-1 
4.7x1013 2.7x1014 1.7x1015 
V - Filtrate Volume, L 8.08 5.19 2.10 
cR -Cake Resistance, m-1 1.5x10
16
 1.1x1017 5.6x1017 
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Figure 5.8. t/V versus 
the cake layer resistance; (c) determination of intercept for calculation of pore 
(d) bar chart representing 
100 mg/L of organics with 0.5 mM Ca
 
With an increasing organic concentration in the feed solution, th
deposition on the membrane surface increases (as confirmed by SEM images 
in Fig. 5.3). Hence, the foulant layer resistances increase with an increasing 
organic concentration. 
been calculated and tabulated 
trend with increasing organics concentration. This is because the 'resistance 
increase' value is much greater 
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V plots for (a) cake filtration model; (b) determination of slope for calculation of 
membrane, pore blocking and cake resistances for feed solutions of 50 
2+
 and 200 mg/L of organics with 0.5 mM Ca
The delta flux reduced per unit resistance 
in Table 5.3. These values show a declining 








e foulant layer 
increase has 
' values. 
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5.5. Contributions of this study 
* Running FO systems at crossflow velocities in the range of 25-50 cm.s-1 is 
beneficial in delaying the fouling phenomenon, due to an increase in 
turbulence on the feed side. Hence, this condition could be put to use when 
designing pilot scale or large scale FO units. 
* Past studies focused on short testing durations without a repetition of fouling 
cycles. This is the first test to have studied fouling (in crossflow mode) over a 
continuous period of 48-h with a repetition of fouling cycles. Hence, for the 
operating conditions tested, this study is comprehensive in terms of 
confirming the excellent flux stability and fouling reversibility of the FO 
membrane over a period of 7 days. 
* A cake formation without pore blocking model was verified with the 
experimental results. The membrane and cake layer resistance values could be 
used as preliminary data for designing full scale applications.   
* The study is the first to provide the typical cleaning time necessary for 
complete flux recovery for the operating conditions tested. It was concluded 
that a 5-min pulsating cleaning was optimal for FO membrane performance. 
Organics 
concentration 
(mg/L) Flux drop (LMH) 
del R (resistance) 
increase 
Flux drop/ R 
increase 
FO mode 
50 10 1.5x1016 6.5 x10-16 
100 12 1.1 x1017 1.1 x10-16 
200 23 5.6 x1017 4.1 x10-17 
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6. Seawater Desalination by Forward Osmosis - 
Nanofiltration process 
The following section discusses on the rejection of boron by the FO 
membrane, under various operating parameters, such as impact of 
pretreatment and feed seawater pH conditions. Furthermore, hydraulic 
retention time (HRT) and feed boron concentrations were varied in order to 
understand the FO membrane boron rejection mechanism. The HRT was then 
optimised by considering the optimal water flux, water recovery and FO 
membrane’s boron rejection. The extent of fouling of the FO membrane by 
seawater caused due to scaling, organics or biofouling was investigated. 
Finally, the efficacy of nanofiltration (NF) as a post-treatment step to produce 
potable water from diluted draw solution was assessed and comparison of the 
overall water recovery and energy consumption between FO-NF and two-pass 
RO is given. 
6.1 Boron Rejection of FO membrane 
Seawater is a vast source of boron. When seawater is desalinated using RO 
process, boron leakage into the permeate is quite susceptible. Especially at the 
natural seawater pH of 8, boron rejection by the RO membrane is very low, 
about 60-70%. Since boron in potable/drinking water is fatal to the human 
body above 2.4 mg/L (WHO, 2011), limiting boron leakage in membrane 
process is necessary to avoid post-treatment. To date, studies on the boron 
rejection by FO membrane is limited. This section summarizes the various 
operating parameters affecting boron flux and hence the overall efficacy of the 
FO process to reject boron. 
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6.1.1. Impact of draw solution accumulation on FO membrane rejection 
This section discusses the impact of draw solution accumulation and 
respective salt flux reversal into the feed solution side. Accumulation tests 
refer to those in which the same draw solution was used for the whole duration 
of the experiment, with replenishment and reconcentration carried out at 
regular intervals of 15-d. For non-accumulation tests, new draw solution was 
used every 4-d, in order to understand the difference in the boron flux 
accumulation and its rejection by the FO membrane. Figure 6.1a shows the 
concentration of boron in the feed and the draw solutions for both the 
accumulation and non-accumulation experiments. In the accumulation 
experiments, boron was found to concentrate in the draw solution tank as a 
result of leakage from feed seawater through the FO membrane throughout the 
test duration. Hence, the boron concentration increased with time. In the non-
accumulation mode, the boron concentration in the draw tank remained 
constant at around 1.3 mg/L. In both modes, the concentration of boron in the 
feed solution side was maintained around 3 mg/L. Figure 6.1b shows the 
boron rejection percentage, calculated using Eqn. 3.7. In the non-accumulation 
mode, boron rejection was constant at around 60%, whereas in the 
accumulation mode, boron rejection dropped over time due to the increase in 
boron concentration in the draw tank. Because of the increase in boron 
concentration in the draw solution, boron rejection decreased to as low as 
30%, showing a ‘declining profile’ in Fig. 6.1b. However, this percentage of 
rejection is not a conclusive indication of FO membrane’s inefficiency to 
reject boron. Instead, it is due to the accumulation of boron in the draw tank 
that resulted in an apparent drop in boron rejection. The variation in the 
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membrane boron rejection in the accumulative and non
due to variations in boron concentration in the draw tank in the different 
modes.  
Figure 6.1. Accumulativ
solution and; (b) Boron 
 
Furthermore, chloride 
through the FO membrane into the draw solution. Fig
chloride concentration in the natural seawater and in the FO feed reactor. 
Because of the FO membrane rejection, the
reactor was much higher than the normal seawater chloride concentration. As 
per the EPA’s secondary maximum contaminant level standards 
2011), chloride concentration in drinking water should not exceed 250 
Results in Fig. 6.2b show much h
about 4000 and 2000 
mode, respectively. It was observed that chloride accumulated up to 9000 
mg/L in the accumulative mode over the 75
accumulation effects, chloride concentration was averaged at 500 
draw solution tank. The overall FO membrane rejection for chloride was a 
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constant at about 97% at the end of the 75
accumulative and no
draw solution was necessary to decrease the chloride ion concentration
final permeate.
Figure 6.2. (a) Cl- 
solution and; (c) FO membrane Cl
 
Na2SO4 was used as the draw solution in these tests. Due to the build up of a 
concentration layer on the membrane surface, SO
the draw solution
concentration generally ranged from 2000 to 4000 
of SO42- increased in the seawater, there could be a possibility that it had 
diffused through the membrane from the dra
Fig. 6.3a explicitly show the increase in sulphate concentration in the seawater 
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solution side. FO1 and FO2 refer to FO membrane subject to MF-pretreated 
and non-pretreated seawater solutions, respectively. During the start of the 
experiment, FO1 and FO2 solutions had SO42- ion concentrations equivalent to 
that of the feed seawater. However, over the experimental run, a steady 
increase of sulphate ion concentration occurred, reaching up to 8000 mg/L 
after 60-d and 10,000 mg/L after 80-d. Sulphate rejection by the membrane 
was calculated based on the sulphate concentration in the draw and feed 
solutions, following Eqn. 3.7. The sulphate rejection was greater than 85%, as 
shown in Fig. 6.3b. Tests conducted in the non-accumulation mode also 
suggest similar SO42- ion leakage into the seawater side with a rejection of 
about 90% (Fig. 6.3 c, d). 
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Figure 6.3. Accumulative tests for SO
(b) FO rejection for reactor
feed seawater, FO1 and FO2 reactors; and (d) FO rejection 
 
The purpose of the above experiments was to validate the optimal operation 
mode (accumu
subsequent experiments. Obviously, experiments in the accumulation mode 
resemble an operation that involves the reconcentration and recycle of draw 
solution such as the FO
implications of accumulation of boron and other ions from the feed solution 
side as the diluted draw solution is being reconcentrated by the NF process 
and the concentrated draw solution from the NF process is being reused in the 
FO process. The results will be discussed in section 6.1.6. The purpose of the 
tests in the non
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factors such as variable HRT and variable boron feed concentration and pH 
effects on boron rejection by the FO membrane, avoiding the accumulation of 
ions in the draw solution side as they are diffused into the draw solution across 
the FO membrane from the feed solution. The results of the non-accumulation 
mode will be discussed in sections 6.1.3 through 6.1.5.  
6.1.2. Impact of feed seawater pH on FO membrane boron rejection 
It is understood that above the  !"  of boric acid at pH 8.7, the borate 
(B(OH)4-) ions are in dissociated form and possess a larger hydrated radius, 
which can be rejected efficiently by the RO membrane. However, at a low pH 
(i.e., pH <  !"), boric acid has no ionic charge and is able to bind to active 
groups of the membrane, forming hydrogen bonds and hence it can diffuse 
through the membrane easily in a way similar to carboxylic acids or water 
(Prats et al., 2000; Nadav, 1999; Sagiv and Semiat, 2004). As such, boron 
rejection at pH less than 8.7 is typically close to 50%, while it increases up to 
98 - 99% at pH 11 (Glueckstern and Priel, 2003; Magara et al., 1998). 
However, a high pH condition will encourage the precipitation of calcium and 
magnesium salts from seawater, which may result in scaling (Koseoglu et al., 
2008). In order to understand the boron rejection mechanisms by FO 
membranes as a function of pH, lab-scale crossflow tests were performed with 
natural seawater of pH 8.1 and seawater with elevated pH 9 and 9.5 as feed 
solutions. In all the test runs, no antiscalants or other chemicals were added, 
except for NaOH that was used to increase the pH of seawater. This was to 
verify if the desirable boron limit in the resulting draw solution could still be 
achieved without any extra chemical or antiscalant cost. The setup was run 
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continuously for over 20-d. The draw and feed seawater solutions were 
replenished on a weekly basis.  
The results obtained with the FO membrane showed slightly improved boron 
rejections with higher pH. Boron rejection was as high as 90% for a pH of 9.5, 
compared to 85% for pH 9 and below 70% for natural seawater of pH 8.1. 
Figures 6.4a and b display the boron rejection and water flux profile over the 
20-d duration. It can be seen that at pH 9 - just above the  !"  of boron 
dissociation at pH 8.76 - the FO membrane rejection for boron increased from 
70 to 85%. The reason could be the increase in the percentage of the borate 
ions that are negatively charged and have a high hydrated radius, which could 
efficiently be rejected by the FO membrane due to charge repulsion and size 
exclusion effects. Hence, boron rejection at the FO membrane surface 
increased greatly. However, further increase in boron rejection was not 
significant at pH 9.5, for which the boron rejection rose by only 5% compared 
to that at pH 9. This is because, as pH increased further, the rate of 
dissociation of boric acid into negatively charged borate ions dropped and 
reached steady state (Fig. 6.4c). Based on the speciation profile for boric acid 
and borate ions (Choi and Chen, 1979), the borate ion concentration for 
seawater conditions increased by about 28% from pH 8.5 to 9 (which is 
around the  !" value of boric acid), while the borate ion concentration 
increase was only 19% from pH 9 to 9.5. As a result, further increase in pH 
did not affect the FO membrane boron rejection as significantly as that 
observed around the	 !" value of boron dissociation. Additionally, reports by 
Hyung and Kim (2006) have also confirmed that borate ions have six to 
twelve times lower permeability compared to boric acid ions. Hence it can be 
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concluded that an increase in pH, resulting in an increase of borate ion 
concentration in the solution, can increase the boron rejection by the F
membrane due to its lower permeability.
Figure 6.4. (a) Boron rejection; (b) Water flux; and (c) speciation profile for different pH feed seawater 
solutions (Choi and Chen, 1979
Another finding is that the water flux dropped slightly at higher pH conditions. 
This decline in water flux could possibly be due to massive
observed within the tank and piping for seawater feed solutions at pH 9 and 
9.5 (Fig. 6.5). This could be attributed to the precipitation of calcium and 
magnesium salts. Such scaling problems have already been mentioned in the 
literature pertaining to boron removal in RO systems 
Therefore, it is conclusive that higher pH improved the boron rejection by the 
FO system, but at the cost of scaling. Thus, the ideal pH should be optimized 
by taking into account both scaling problems and the desired boron 
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concentration in the draw solution. In the absence of antiscalant, at a pH of 8, 
it was observed that a fouling layer (
surface but the water flux was not significantly reduced. This fouling layer 
could be due to the coll
with MF. Based on the above results, with a motive to avoid scaling and extra 
chemical costs, natural seawater pH was chosen for submerged FO systems in 
order to study FO membrane fouling and its impact
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6.1.3. Effects of different HRT 
Experiments at different HRT were conducted to analyze its effect on boron, 
SO42- and Cl- ion leakages from the feed seawater into the draw solution 
through the FO membrane. The operational fluxes for 3-d, 1-d, 12-h and 1-h 
reactor HRTs equalled 0.95, 1.35, 1.4 and 2 L.m-2.h-1, respectively (Fig. 6.6a). 
Boron concentrations in the feed and draw solutions were measured and the 
boron rejection of the FO membrane was determined accordingly (Figs. 6.6 
and 6.7; Table 6.1). The results suggest that boron rejection varied 
significantly for experiments conducted at different HRTs. For HRTs of 12-h 
and 1-d, the boron concentration in the draw solutions was almost similar, 
though the boron concentration in the feed at 12-h HRT was slightly higher 
than that of 1-d HRT. As a result, the boron rejection of 12-h HRT system was 
higher (79%) than that obtained at 1-d HRT (73%). Furthermore, due to a 
lower normalized flux observed at 12-h HRT (Fig. 6.6b), the boron rejection at 
this HRT was the highest (Fig. 6.6d). The boron rejection at 1-h HRT was 
lower (65-70%), probably due to a greater boron flux as a result of a higher 
water flux.  
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Figure 6.6. (a) Flux decline; (b) Normalized flux; (c) Boron concentration in feed FO and draw solutions 

























Figure 6.7. Boron rejection at different HRT.
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Table 6.1. Impact of different HRT on boron rejection. 
HRT 1-h 12-h 24-h 3-d 
Flux (LMH) 2 1.39 1.35 0.95 
Feed NaCl Conc. (M) 0.51 0.61 0.68 0.85 
 
Feed NaCl Conc. (mg/L) 29835 35685 39780 49725 
 
Feed Boron Conc. (mg/L) 4.64 4.41 3.97 2.88 
~	 8.71 8.1 7.71 6.87 
Borate ion (%) 









Membrane Zeta potential 
(mV)  
+ ++ ++ +++ 
Draw solution Boron Conc. 
(mg/L) 
1.37 0.93 1.06 1.14 
Average Boron Rejection 
(%) 
70.6±2 78.9±1.4 73.4±2.3 60.4±3.4 
 
There was an increasing trend of feed solution ionic strength from 1-h to 3-d 
HRT, i.e., from NaCl concentration of 0.51 to 0.85M (Table 6.1). Salt 
accumulation led to a higher ionic strength in the feed side and subsequently at 
the membrane interface. The increase in salinity will have an impact on the 
 !"  of boric acid and the charge of the FO membrane surface, which will 
impact the boron rejection by the FO membrane. The  !"  for boric acid 
dissociation for various ionic strength solutions was calculated from Eqn. 6.1 
(Hyung and Kim, 2006; Tu et al., 2010b):  
−DHS!" =	2291.9Z + 0.01756Z − 3.385 − 0.32051	F	(o)

												(6.1) 
where T is the temperature (K) and S is the salinity (mg/L). 
The  !" values were calculated as 8.71, 8.1, 7.71 and 6.87 for 1-h, 12-h, 1-d 
and 3-d HRT, respectively. From these, the percentage of borate ions in 
solutions equalled 19.6, 50, 71.1 and 94.4%, respectively. This implies that the 
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percentage of borate ions (negatively-charged species) was the highest in 3-d 
HRT solution, for the operating pH conditions of 8.1. Since all the feed 
solutions had very high ionic strength compared to brackish water, the charge 
on the FO membrane surface tended to be positive for all the conditions. In 
this study, the experiments were conducted in seawater solutions, in the high 
salinity region (≥ 30,000 mg/L). Hence, it can be considered that the 
membrane surface charge remained positive.  
In order to deduce the degree of the membrane positive potential, zeta 
potential tests were conducted at such high salinities. The zeta potential values 
for the FO membrane in contact with 0, 0.01, 0.2, 0.5 and 0.85M NaCl 
concentration electrolyte solutions were -4.3, +3, +155.3, +270.5 and +710.7 
mV, respectively. Therefore, with increasing salinity the positive zeta potential 
increased significantly. This is in accordance with the results of Oo (2011) for 
slightly lower salinities up to 10,000 mg/L. In addition, Takagi et al. (2000) 
had theoretically determined the cellulose acetate membrane potential for 
variable sodium chloride concentrations at 34oC (Fig. 6.8). They observed that 
the membrane potential changed from negative to positive at about 3,000 
mg/L of NaCl and reached a steady state value beyond 58,000 mg/L of NaCl. 
Hence, for our feed solutions in this study, the membrane potential increased 
with an increase in the salinity of the solution in contact with the membrane 
surface. This implies that the degree of positive potential is greatest for 3-d 
HRT, while it is the smallest for 1-h HRT solution (Table 6.1). In accordance 
with the findings of Oo and Song (2009) obtained with an RO membrane, 
increasing the ionic strength may hinder the boron rejection at the membrane 
surface. Thus, it is clear that the advantage of salinity to lower the  !" value 
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which helps to produce more borate ions, was disadvantaged to boron 
rejection by FO membrane due to the impact of salinity. The increase in 
salinity lead to a positive membrane surface charge, and hence easier passage 
of borate ions (Oo, 2011), resulting in lower boron rejection. For 3-d HRT, 
owing to the highly positive charge on the membrane surface at such a high 
salinity (Oo and Ong, 2010) and a high concentration of borate ions in solution 
(about 94%), the seepage of negatively-charged borate ions increased and 
therefore the boron rejection by the FO membrane was minimal (about 60%) 
at high salt accumulation. 
 
 
Figure 6.8. Membrane potential versus log(NaCl concentration) for cellulose acetate membrane (Takagi 
et al., 2000). 
 
Due to the combined effects of different parameters, such as salt accumulation 
- resulting in increasing ionic strength in the bulk solution - and external 
concentration polarisation at the membrane surface, the FO membrane’s boron 
rejection did not follow the usual increasing rejection with increasing water 
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flux. The boron rejection at 1-h HRT (70%) was lower than that at 12-h HRT 
(79%), although the water flux at 1-h HRT was higher than that at 12-h HRT 
(Fig. 6.7). The reasoning behind this could be due to the fact that, with 
increasing water flux, boron tended to accumulate on the membrane surface, 
leading to its increased concentration, and therefore greater diffusion at 1-h 
HRT. The percentage of boric acid species for 1-h HRT was 80.4% (Table 6.1). 
The neutral boric acid species may have passed through the FO membrane 
since their concentration was very high and their ionic radius was smaller than 
that of hydrated borate species. For 12-h and 1-d HRT, the concentration of 
neutral boric acid species was lower at 50 and 28.3%, respectively; hence the 
overall boron passage through the FO membrane was also lower. Thus, boron 
rejection was lower at 1-h HRT compared to 12-h and 1-d HRT. The 
negatively-charged borate ion concentration for 1-h, 12-h and 1-d HRT was 
19.6, 50 and 71.1%, respectively. However, due to their larger hydrated radius, 
they may not be able to pass through the less positively charged FO membrane 
surface. Thus, it is suggestive that FO membrane subject to about 50-50% of 
borate-boric acid species composition in the solution (as in the case of 12-h 
HRT) effectively rejects the overall boron. Higher concentration of neutrally 
charged boric acid (about 80% as in 1-h HRT) and higher concentration of 
negatively charged borate species (about 94% as in 3-d HRT) are both 
detrimental to overall boron rejection by the positively charged FO membrane 
(in seawater feed conditions). Considering membrane water flux and boron 
rejection, a 12-h HRT is best suited for submerged FO membrane desalination 
applications (Fig. 6.7).  
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Seawaters generally have a TOC of 4-6 mg/L and the FO membrane could 
reject the TOC to a certain extent. The draw solutions had a TOC passage of 
1.5, 0.8, 0.4 and 0.4 mg/L for HRTs of 1-h, 12-h, 1-d and 3-d, respectively. 
This variation in TOC passage can be explained by the higher water flux in the 
1-h HRT systems as compared to the water fluxes at other HRTs.  
The passage of chlorides from feed seawater side to draw solution side and 
draw solute (i.e., sulphate) passage from draw solution side to feed side is an 
important parameter to assess the performance of an FO system. Chloride 
leakage can pose problems in draw solution post-treatment, while reverse 
sulphate passage may result in the loss of solutes in draw solution, increasing 
the draw solute usage costs. In addition, the reverse sulphate passage also 
results in subsequent reduction of the osmotic driving force and increased 
scaling potential on the seawater feed side. With respect to salt flux reversal, 
Fig. 6.9a shows the sulphate concentration profile over the test duration. It can 
be seen that, while the sulphate ion concentration in the reactor at 1-h HRT 
was constant (~2500 mg/L) throughout the experiment, it increased to about 
4000 and 8000 mg/L, respectively, for 12-h and 1-d HRT. With respect to Cl- 
ion seepage from the feed seawater side to the draw solution side, the increase 
followed the corresponding Cl- concentration in the feed reactors. Hence, the 
degree of passage into the draw solution was subject to its increasing 
concentration in the feed reactor. The Cl- ion concentration increased from 
20,000 to over 40,000 mg/L when the HRT was increased from 1-h to 3-d 
(Fig. 6.9c), due to accumulation of dissolved salts in the feed FO reactor. 
Correspondingly, there was an obvious increase in Cl- passage into the draw 
solution running at 3-d HRT compared to the one with 1-h HRT (Fig. 6.9b). It 
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6.1.4. Effects of different boron concentration in the feed seawater  
Boron concentration in seawater generally ranges from 4-5 mg/L. Boron 
leakage through the FO membrane, upon increase in concentration of boron in 
feed seawater, was studied. Boron in the form of boric acid was added into the 
seawater in order to prepare 10 and 15 mg/L as boron in seawater solutions. 
Figure 6.10a represents the boron concentrations in the draw solutions as a 
function of operating duration. For feed solutions of 4, 10 and 15 mg/L B, the 
corresponding boron concentration in the draw solutions equalled 0.9, 2.5 and 
4 mg/L respectively. Thus, the FO membrane rejection for boron was highest 
(79%) in normal feed seawater (boron concentration of 4 mg/L). It was 
slightly lower (75 and 70%) for 10 and 15 mg/L feed boron concentrations, 
respectively. Figure 6.10b shows the FO membrane boron rejection profiles. It 
appears clearly that the FO membrane was able to reject boron, even at a feed 
concentration as high as 15 mg/L B, with a slight reduction in its rejection. 
This proves the adaptability of the FO membrane and its ability to reject boron 
effectively. Similar results were obtained for RO membrane with variable 
boron feed concentrations (Geffen et al., 2006). They confirmed that inlet 
boron concentration in feed does not significantly affect boron rejection of the 
RO membrane. This has also been confirmed by others (Koseoglu et al., 2008; 
Magara et al., 1998; Cengeloglu et al., 2008). Further post-treatment using NF 
was investigated to bring down the boron levels in the final permeate water, 
within the drinking water guideline as discussed in section 6.3.  
 
 




Figure 6.10. Effects of 
and (b and c) FO membrane boron rejection.
 
Based on the models described in section 2.4.1.1., the irreversible 
thermodynamic model seems to fit well with the experimental data obtained 
from sections 6.1.3 and 6.1.4. This is because this model emphasizes the 
dependence of boron flux on water flux, and therefore is relevant and in line 
with the rejection data obtained experimentally. Using 
& ∆.⁄  vs &'	.̅⁄
membrane reflection coefficient, 
RO membranes 
boron permeability coefficient, 
- equalled 7.22 x 10
slightly higher than that of RO membranes, which is about 4 x 10
al., 2010b). The boron mass transfer coefficient, 
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FO membrane, determined experimentally equalled 1.8 x 10-5 m.s-1. The Q 
values were nearly the same for the FO and RO membranes (Hyung and Kim, 
2006).  Hence, the key boron transport coefficients and membrane reflection 
coefficients were similar for the FO and RO membrane. This reinforced the 
FO membrane’s ability to reject boron and other dissolved ions as efficiently 
as RO. 
            





 Reflection Coefficient determination for FO membrane










Figure 6.11. Determination of FO membrane reflection coefficient. 
 
6.1.5. Effects of draw solution pH   
Our previous experiments confirmed that an increase in feed solution pH was 
accompanied by an increase in boron rejection; however, this was achieved at 
the increased risk of scaling. This section studied the impact of draw solution 
pH on boron passage across the FO membrane. The purpose was to verify 
whether increasing the draw solution pH would help increase boron rejection 
from the feed solution side. This was done with a view to implement a closed-
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loop reconcentration system, in which the high pH draw solution would keep 
re-circulating between the FO and NF reconcentration feed side. 
Preliminary tests were conducted with a draw solution at pH 10. Figure 6.12 
shows the boron rejection at normal and elevated draw solution pH. The 
results suggest that the high pH draw solution significantly lowered the boron 
rejection to 52%. This could be due to the hydrolysis of the CTA-based FO 
membrane at a draw solution of pH 10. The CTA membrane works best with 
an operating pH range of 5-8. In addition, the draw solution side faced the 
porous membrane layer, which has a rougher and porous morphology 
compared to the strong, dense skin layer. Hence, it could not endure such high 
pH shock and resulted in a loss of integrity of the membrane as a whole. This 
fact is further corroborated by the Cl- ion concentration profile in the draw 
solution, which also increased significantly at high pH conditions from about 
100 to 2250 mg/L within the 15-d test duration. Thus, for the following 
closed-loop reconcentration system, decision was taken to avoid raising the 
draw solution pH at NF first pass. The pH was subsequently increased at NF 
second pass, in order to bring down the boron levels within WHO limits. 




Figure 6.12. Impact of draw solution pH. 
rejection of FO membrane and (c) Chloride 
 
6.1.6. Effects of l
concentration in draw solution
Experiments were carried out on the same setup, in an accumulative basis, in 
order to study b
passage into NF
over 80 d at 1-
draw solution tank was reconcentrated every 15
over the entire test duration is shown in Fig. 6.13a. It can be seen that the flux 
dropped due to concentration polarization effects, while after reconcentration, 
the initial flux recovered back to the initial maximum value. 
no evidence of flux decline, even though slight membrane fouling was 
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(a) Boron concentration in feed and draw solutions; (b) 
concentration in draw solutions of pH 7 (normal) and pH 10.
ong term operation on FO membrane fouling and boron 
 
oron accumulation in the draw solution tank and its subsequent 
-treated permeate solution. The experiment was conducted 
h HRT. The maximum flux obtained was about 2 L.m
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observed on the membrane surface.
membrane could withstand fouling and still operate at a stabilized flux over 
the test duration. The foul
and organic fouling with 
at 1-h HRT, the feed solution was 
calcium scaling on membrane surface)
with organics and biofouling are 
around 53 and 31% (w/w) elemental carbon and oxygen, respectively. The 
elemental calcium composition was less than 1% (w/w). This data is 
representative of organic or biofouling layer on the membrane surface.
Figure 6.13. (a) Flux decline profile; and (b) boron concentration in feed seawater draw solution
HRT experiment over 85
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shown in Fig. 6.14. The EDX results showed 
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Figure 6.14. SEM images of (a, b) bio
HRT operating conditions.
 
Over time, the boron from the seawater side started accumulating in the draw 
solution side. The boron concentrations in the feed and draw solution side are 
plotted in Fig. 6.13b,
draw tank already exceeded the 2.4 
after post treatment using NF first and second pass, the boron concentration 
could be reduced below 2.4 
6.2. Seawater fouling on FO membrane surface with and without MF 
pretreatment 
MF pretreatment alters the membrane feedwater propensity to foul subsequent 
membrane process since it can remove fine particles larger than 0.1
MF pretreatment thus can help achieve a higher permeate flux, alleviate 
membrane fouling and reduce the frequency of intermittent cleaning. SDI and 
Seawater desalination by FO
-fouled; and (c, d) organic-fouled FO membrane subject to 1
 
 from which it appears that the boron concentration in the 
mg/L guideline value by day 25. However, 
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turbidity are indicators of efficient pretreatment of a feed water sample. 
Generally, an SDI below 3 is preferable for RO influent (Greenlee et al., 
2009), while feedwaters with SDI above 4 require adequate pretreatment. 
Similarly, turbidity values below 0.2 NTU are adequate as RO influent. These 
parameters are mere indicators of typical feed water’s fouling potential and 
may not be singled out as the only cause of fouling. 
In the submerged FO membrane reactor system, two schemes were run 
simultaneously; 1) MF pretreated seawater fed to the FO reactor, referred to as 
FO1 and 2) non-pretreated seawater fed to the FO reactor, referred to as FO2. 
This shall help differentiate the membrane fouling propensity between the two 
schemes. Scheme 1 with MF pretreatment should have better fouling 
resilience. The SDI15 for feed seawater was around 4, while that of FO1 and 
FO2 roughly equalled 3.1 and 4.2, respectively. The ratio of pore plugging of 
feed seawater, FO1 and FO2 solutions, measured using the SDI kit, were 60, 
46 and 63%, respectively. Thus, with MF pretreatment, the FO1 solution 
displayed a lower SDI and a lower pore plugging ratio. Hence, the MF 
membrane effectively removed suspended and colloidal substances from the 
influent seawater. Figure 6.15 shows the filter strips after completion of the 
SDI tests. It reveals more suspended foulants in the non-pretreated seawater as 
compared to the one subjected to MF-pretreatment. The turbidity of the feed, 
FO1 and FO2 solutions were measured intermittently and the results are 
plotted in Figure 6.16. There was not much variation in the turbidity of FO1 
(0.6 NTU) and FO2 (0.7 NTU), while the turbidity of the feed seawater ranged 
from 1 to 2 NTU. Hence, turbidity may not be a good indicator to gauge the 
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efficacy of MF pretreatment. However, the SDI results indicated a thorough 
demarcation between pretreated FO1 and non
Figure 6.15. SDI15  filter strips after testing for (a) feed seawater
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The FO system was run for over 60-d continuously without any intermediate 
membrane cleaning. The average water flux of the FO membrane obtained 
was 1 L.m-2.h-1. Figure 6.17a shows the osmotic pressure and flux decline 
profile for MF-pretreated FO1 membrane and non-pretreated FO2 membrane. 
It can be seen that the FO system with MF pretreatment had slightly higher 
flux compared to the system without pretreatment. This could be due to lesser 
fouling on the FO1 membrane surface compared to FO2. Though fouling was 
observed in the FO2 membrane, there was no drastic drop in flux after the 
system had reached its steady-state condition. This could be explained by the 
FO membrane being osmotically-driven rather than pressure-driven, resulting 
in minimal cake-layer compactness and hence minimal fouling propensity. As 
indicated in the Fig. 6.17a, there was an initial steep decline in the flux from 
1.6 to 1 L.m-2.h-1. This was due to the initial stabilization of the system; there 
was a drop in the osmotic pressure gradient, reducing the effective driving 
force and thus, flux declined severely for the first few days of operation. The 
feed seawater solution reached a steady-state concentration after 3 d. 
Theoretically, FO1 membrane was supposed to have a higher flux compared to 
FO2, since its feed solution was MF-pretreated. However, the difference 
measured experimentally was not significant at a low flux of 1 L.m-2 h-1.  
A comparison of boron rejections for both FO systems is provided in Fig. 
6.17b. For non-pretreated FO system, boron rejection was slightly lower, 
which could be attributed to fouling formed on the FO membrane. It has been 
reported that fouling could reduce boron rejection by hindering back-diffusion 
of boron into feedwater, resulting in rising boron concentration near 
membrane surface and therefore enhancing boron passage into the draw 
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solution (Huertas et al., 2008; Jin et al., 2012). Chloride concentration in the 
FO feed reactors showed similar profile (Fig. 6.17c); however, chloride 
leakage into the draw solution with MF pretreatment was lower. This suggests 
that the fouling on the non-pretreated FO membrane led to an easier passage 
of Cl- ions compared to its counterpart. Thus, MF pretreatment prevented FO 
membrane fouling, reduced Cl- leakage and improved boron rejection by a 
slight degree. Hence, the flux profiles confirmed that the FO membrane is 
flexible enough to tolerate non-pretreated seawater as feed, but at the expense 
of slightly lower boron rejection and higher solute leakage. The previous 
experiments detailed in phase 1, that deal with organic fouling of the FO 
membrane also confirmed similar implications about the FO membrane’s 
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Figure 6.17. Effects of MF pretreatment on 
concentration in feed and draw. 
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After 60-d of operation, the membrane surfaces were analyzed by SEM-EDX 
and FTIR to identify the elemental and functional group composition. Figures 
6.18, 6.19 and 6.21 show the photographic, digital microscopic and SEM 
images of the membranes at day 0 and after the completion of the experiment 
at day 75. The images reveal that the MF membrane was completely fouled, 
due to the deposition of suspended solids and colloidal matter in the feed 
seawater. FO2 membrane surface displayed greater fouling than FO1, due to 
the fact that FO1 feed solution was MF-pretreated. Scaling with off-white 
deposits was clearly visible on the FO2 membrane. This scaling could possibly 
be due to the precipitation of calcium salts on the membrane surface. 
However, fouling on the FO membrane surface was significantly lower than 
fouling on the MF membrane surface. Hence, there was no serious flux decline 
for the FO membrane due to fouling as illustrated previously. This asserts that 
the FO membrane could better resist fouling as confirmed by earlier studies 
(Mi and Elimelech, 2010). 




Figure 6.18. Photographic images of membr
after experimental run on day 75 for (d) MF
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Figure 6.19. Digital microscopic images of FO1




seawater calcium carbonate and calcium sulphate crystals can be precipitated. 
Based on the solubility product 
4.29x10-7 for CaCO
scaling indices were calculated 
precipitate prior to calcium sulphate, 
comprise more of 
32,000 and 2,
scaling constituent in brackish water systems, however, it is the easiest to be 
controlled by pH adjustment or use of a scale inhibitor. 
conducted at natural seawater pH of 8.1 without the addition of any scale 
inhibitor, calcium carbonate scaling was found prevalent on the FO membrane 
surface. 
Seawater desalination by FO
(at 200x magnification) at (a) Day 0; (b) Day 50; and 
 
was further investigated. Theoretically, it is known that in 
!]1  values of 2.5x10
3 at 25oC (W.Stumm and J.Morgan, 1981
(Table 6.2). Since calcium carbonate shall 
scaling on the membrane surface shall 
CaCO3 than CaSO4, since their scaling indices are about 
500, respectively. Calcium carbonate is the most common 




-5 for CaSO4 and  
; Wilf, 2007), 
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The scaling index for calcium carbonate could also be determined using the 
Stiff and Davies Scaling Index (SDSI), based on the following equation (Wilf, 
2007): 
SDSI = pH – (9.3+K – pCa – pAlk)                                                    (6.2) 
where K represents the empirical constant to account for the high ionic 
strength  seawater and pCa and pAlk represent the calcium concentration and 
alkalinity in the solution. 
Considering a concentration factor of 2 at the concentrate side, corresponding 
to a water recovery of 50%, with pH 8.1, K equalled 3.348, based on an ionic 
strength of the concentrate of 0.86M. Hence, the SDSI equalled 0.4. This 
index was greater than 0, indicating probable calcium scaling on the 
membrane surface. 
The membrane surface was soaked in citric acid solutions in order to extract 
the scalants from its surface. The eluent solutions were tested for various ionic 
species using ion chromatography and alkalinity tests. While the concentration 
of sulphate (SO42-) ion was about 100 mg/L as CaCO3, the concentration of 
bicarbonates (HCO3-) was about 700 mg/L as CaCO3. To further confirm the 
presence of various ions, EDX analysis of the fouled membrane was 












Ca 200 0.005 2    
SO42- 2500 0.026 2 0.062 2.5x10-5 2483 
CO32- 120 0.002 2 0.014 4.29x10-7 32634 
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performed to obtain the elemental composition of species on the membrane 
surface. EDX results in Table 6.3 confirmed the presence of calcium 
deposition on the FO2 membrane surface. Results suggested calcium 
compositions of about 15% (w/w) on the FO2 membrane surface and less than 
1% (w/w) on the FO1 membrane. In order to identify the anionic species, 
carbon elemental composition was determined which represent CO32- species, 
while sulphur elemental composition represents SO42- species. The EDX 
analysis showed extensive scaling occurring on the FO2 membrane. The FO2 
membrane showed depositions of less than 0.5% sulphur and about 7% 
carbon, which confirms that the scaling deposits on the membrane surface 
were a combination of CaCO3 and CaSO4. The FTIR results (Fig. 6.20) further 
indicated the presence of calcium sulphate based on a peak at 1200 nm 
wavelength. This could be due to the CaSO4 deposited on the membrane 
surface after CaCO3 deposition.  
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Figure 6.20. FTIR images of (a) standard CaCO
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The SEM images of the FO membrane show the onset of organic fouling on 
the membrane surface. At 200x magnification, while FO1 membrane surface 
displayed lesser depositions than FO2, there were crystalline precipitates 
formed on the FO2 membrane surface. Signs of organic fouling were further 
revealed on the FO1 membrane surface with 2000x magnification. However, 
there were no signs of scaling on it. Depositions on the FO2 membrane (Fig. 
6.21d) clearly indicated precipitation of crystalline salts, representing 
inorganic fouling. A closer look showed initial organic fouling prior to the 
development of scaling on FO2 membrane surface. In Fig. 6.21 b (x 2000), d 
(x 2000) and e (x 3500), biofouling is clearly visible in the background. Figure 
6.21e shows the onset of biofouling beneath the crystalline structure on the 
membrane surface. The extracellular-polymeric substances (EPS) are 
secretions produced by biological species, which is clearly visible beneath the 
inorganic fouling. Figure 6.22 shows filamentous bacteria and the EPS 
generated by them on the membrane surface. The EDX data shows about 60% 
carbon and 20% oxygen, representative of biofouling. The rationale behind 
scaling on the non-pretreated FO2 membrane surface as compared to MF-
pretreated FO1 membrane could be due to the excessive organic fouling 
during the initial stages that further led to inorganic fouling. However, since 
FO1 was pretreated with MF, the extent of organic fouling was reduced, which 
deterred further scaling on its surface due to better back-diffusion of ions from 
the membrane surface to the bulk solution under less severe organic fouling. 
The SEM image in Fig. 6.21f also confirmed the presence of calcium sulphate 
crystals formed on the membrane surface. In conclusion, both calcium 
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carbonate and calcium sulphate were precipitated on the FO2 membrane 
surface whereby CaCO
Figure 6.21. SEM images of FO1 membrane (a) 200 x 
biofouling; FO2 membrane (c) 200 x 
3500 x – onset of biofouling leading to excessive scaling; and (f) Ca
Figure 6.22. (a) SEM image of FO2 membrane surface at 3000x maginification, showing 
bacterial species; (b) 
representative of biofouling.
Seawater desalination by FO
3 precipitated first followed by CaSO
– less fouling and (b) 2000 x 
- excessive scaling and (d) 2000 x – scaling and biofouling; (e) 
lcium sulphate crystal structure.
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6.3. Viability of potable water production from draw solution 
reconcentration and reuse
                   
In order to produce potable water from the diluted draw solution, two passes 
of NF system were employed. The purpose of the 1
reconcentrate the draw solution to the required concentration, while the 
purpose of 2nd
pressure applied for the first and second pass NF systems was 55 and 20 bars, 
respectively. The NF membr
were Dow’s NF
The schematic diagram of the setup is shown in 
Figure 6.23. Schematic diagram of FO
pressure in bar). 
 
6.3.1. Effect of pH on boron rejection by NF membrane 
The diluted draw solution was subjected to NF post
reconcentrate the draw solution for reuse and to produce permeate water for 
potable applications. The draw solutions were tested at different pH to assess 
the impact of pH on boron rejection. The natural pH of 1.15M draw solution 
was around 7. It is observed that by increasing the pH of the draw solution, 
boron leakage into the permeate decre
summarizes the boron concentration in the permeate. The data was found to be 
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consistent with the literature (Tu et al., 2010b; Dydo et al., 2005), with a NF90 
rejection of boron below 20% at a pH of 7 and about 55 - 60% at higher pH. 
The results suggested that the boron concentration in the permeate after NF 
post-treatment was well below the WHO guideline value even for the draw 
solution with pH of 7. Hence, the necessity for increasing the draw solution 
pH would depend on the inlet boron concentration in the draw solution. Using 
NF rejection for boron as a guideline, the maximum allowable boron 
concentration in the diluted draw solution at pH 7, 8, 9 and 10 that would 
produce an NF permeate with boron concentration lower than the WHO 
guideline value of 2.4 mg/L is listed in Table 6.4b. Hence, if the concentration 
of boron in the diluted draw solution is increased beyond 2.81 mg/L, an 
increase in draw solution pH would be necessary to produce a permeate that 
conforms to the drinking water guideline value of 2.4 mg/L.  
Table 6.4. (a) NF90 membrane boron rejection as a function of pH. 






7 2.41 2.06 14.6 
8 2.22 1.50 32.4 
9 2.55 1.37 46.2 
10 2.46 1 59.4 
 







boron concentration in 
the diluted draw solution 
(mg/L) 
Concentration 
of  boron in 
permeate 
(mg/L) 
7 14.6 2.81 2.40 
8 32.4 3.55 2.40 
9 46.2 4.46 2.40 
10 59.4 5.90 2.40 
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6.3.2. Draw solution reconcentration and final permeate water quality 
The diluted draw solution was reconcentrated using NF1 every 15-d during the 
complete experimental run spanning 75-d. Hence, a total of five 
reconcentrations were carried out during the experiment. The permeate from 
NF1 was further treated with NF2 at pH 10 to produce NF2 permeate. Tables 
6.5 and 6.6 list the feed and permeate water quality parameters of NF 1st and 
2nd pass during the first and fifth reconcentration phases. Results show that the 
NF 2nd pass produced a permeate with a conductivity of about 250 µS.cm-1, 
conforming to the WHO guideline (PUB, 2011). Moreover, all other ions such 
as Na+, Ca2+, Cl- and SO42- were well below the guideline values.  
Table 6.5. Operating conditions and feed and permeate water quality parameters for NF 1st and 2nd pass 
(First reconcentration phase). 
 NF pass-1 NF pass- 2a  
Permeate 




7.27 0.25 no 
regulation 
Molarity (M) 1.017 0.067 0.005  
TDS (mg/L) 131550 3212 153 500-1000 
Osmotic Pressure (atm) 48.3 3.9 1.1  
Applied hydraulic pressure 
(atm) 55 
                      
20 
 
pH 7.26 7.16 7.8 6.5-8.5 
Boron (mg/L) 1.67 1.33 0.57 2.4 
Na+ (mg/L) 56300 1820 57.8 200-300 
Ca2+ (mg/L) 500 60 0.7 100-300 
Cl- (mg/L) 400 630 41.7 250 
SO42- (mg/L) 92100 2160 33.6 250 
TOC (mg/L) 
3.45 2.5 2 
No 
regulation 
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Table 6.6. Operating conditions and feed and permeate water quality parameters for NF 1st and 2nd pass 
(Fifth reconcentration phase). 
              
     NF pass-1  NF pass-2a 
  Feed Permeate Feed Permeate 
Conductivity (mS.cm-1) 92.8 8.38 8.16 0.287 
Molarity (M) 1.06 0.080 0.075 0.005 
TDS (mg/L) 134500 4500 4537 195 
Osmotic Pressure (atm) 50.35 4.37 4.3 1.1 
Applied hydraulic pressure 
(atm) 55 20 
pH 6.9 6.7 10.2 8.2 
Boron (mg/L) 3.58 2.41 2.5 1.11 
Na+ (mg/L) 53900 1840 2010 60 
Ca2+ (mg/L) 300 60 -- 0.9 
Cl- (mg/L) 8000 1560 1490 70.4 
SO42- (mg/L) 90400 1140 1090 8.7 
 
    
                  aNF pass-2 was operated at pH 10.             
The permeate from the NF 2nd pass was extensively tested for physical, 
chemical, metal and bacteriological content and the results are shown in Table 
6.7. The organic chromatogram of the permeate was obtained by LC-OCD and 
the results can be found in Table 6.8 and Fig. 6.24. The results show that the 
NF 2nd pass permeate was of potable quality and conformed to the 
WHO/USEPA drinking water guideline. The WHO/USEPA guideline does not 
have conductivity as a regulation. The conductivity guideline data in the Table 
6.7 is the NEWater conductivity limit (Public Utility Board, Singapore). The 
conductivity of the NF 2nd pass permeate is higher than the guideline value by 
over 40 µS.cm-1. However, it is still considerate since the TDS values are 
within the guideline limits (< 500 mg/L). Conductivity is an indirect and quick 
method for TDS determination (which is more valued as a stronger guideline 
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for potable water). Hence, though the NF 2nd pass permeate conductivity is 
slightly high, it is still acceptable as permeate of potable quality. 
Table 6.7. Overall water quality of permeate from FO-NF-NF process. 







Turbidity (NTU) 0.2 - 0.32 < 5 
Conductivity (µS.cm-1) 250 - 287  < 250a 
pH 7.8 - 8.2 6.5-8.5 
Total Dissolved Solids (mg/L) 153 - 200 500-1000 
Total organic Carbon (mg/L)      1-2 No regulation 
Chemical (mg/L) 
Chloride 40 - 70 250 
Fluoride  1 4 
Nitrate 2.8 – 3 10 
Sulphate 10 - 50 250 
Metals (mg/L) 
Aluminium 0.1 - 0.2 0.2 
Barium 0.03 2 
Copper 0.08 2 
Boron 0.9 - 1.1 2.4 
Iron 0.08 0.3 
Manganese 0.02 0.4 
Strontium 0.02 No regulation 
Chromium 0.03 No guideline 
Nickel - No guideline 
Lead - No guideline 
Zinc 0.05 5 
Bacteriological 
Total Coliform Bacteria 
(Counts/100 ml) 
Not detectable Not detectable 
Heterotrophic Plate Count 
(CFU/ml, 35°C, 48 h)  
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Table 6.8. Chromatographic distribution of organics in feed and permeate samples
Sample 
Feed Seawater
NF 1st pass feed
NF 2nd pass 
permeate 
Drinking water
        aAll values are in ppb. DOC 
       Organic Carbon; BP 






Figure 6.24. Organic chromatogram of 
permeate compared to drinking water
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3475 4127 38 348 85 
 
4291 4391 10 18 0 
2083 1784 4 16 0 
 
1555 1371 14 153 91 
– Dissolved Organic Carbon; CDOC – Chromatographic Dissolved
– Biopolymers; HS – Humic Substances; BB – Building Blocks; LMW 
 
  
















, nanofiltration 2nd pass 
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Further, tests were conducted using RO (Hydranautics, ESPA model) in the 
second pass at a hydraulic pressure of 20 atm to determine whether the 
produced permeate could conform to the WHO guideline without raising the 
pH (which is required for the 2nd pass NF). The results show that the RO 
permeate had much lower concentrations of contaminants compared to the NF 
permeate due to better rejection by the RO membrane (Table 6.9). However, 
its productivity in terms of water flux dropped slightly. It yielded a lower 
permeate flux (56 LMH) than that of NF (62 LMH). In other words, although 
RO showed better performance with respect to permeate characteristics; its 
productivity was inferior to that of NF process. In conclusion, with the same 
energy consumption and proven feasibility to produce a permeate of potable 
quality, NF is more desirable as a post-treatment process than RO because of 
its higher productivity.  








pH 10 NF2 
Rejection (%) 
RO2       
Rejection (%) 
A) Physical 
Conductivity (µS/cm) - / - 285  98  
pH Value 6.5-8.5 / - 8.27 7 
Total Dissolved Solids 
(mg/L) 500 / 1000 195  142.5  
Permeate flux (LMH) Not Applicable 62 56 
B) Chemical (mg/L) 
Chloride (Cl-) 250 / 250 70.4 (95.3) 21.6 (99.7) 
Sulphate (SO42-) 250 / 250 8.7 (99.2) 3.4 (99.7) 
C) Metals (mg/L) 
Boron (B) - / 2.4 1.11 (55.3) 0.94 (60.7) 
Sodium (Na+) - / 200 59.9 (97) 19.8 (98.9) 
a
 Operating conditions: hydraulic pressure at 20 bar and reject flow rate at 0.4 LPM. 
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In order to test the feasibility of saving energy, the NF second pass was 
operated at a lower hydraulic pressure, i.e. 14 bar, instead of the usual 20 bar. 
At higher pressure, the water flux increased at a higher rate than the salt flux, 
thus a lower solute concentration was observed in the permeate. Therefore, a 
higher applied pressure yielded better permeate quality and slightly better 
rejection rates (Table 6.10). Nevertheless, the water quality of permeate 
produced at 14 and 20 bars met the drinking water quality standard of USEPA 
and WHO. Although operating at a lower applied pressure can reduce energy 
consumption, water flux dropped from 62 LMH at 20 bar to 42 LMH at 14 bar.  
 











14 barb     
Rejection (%) 
A) Physical 
Conductivity (µS/cm) - / - 285 307 
pH Value 6.5-8.5 / - 8.27 8.28 
Total Dissolved Solids 
(mg/L) 500 / 1000 195 220 
Permeate flux (LMH) Not Applicable 62 42 
B) Chemical (mg/L) 
Chloride (Cl-) 250 / 250 70.4 (95.3) 75.5 (94.9) 
Sulphate (SO42-) 250 / 250 8.7 (99.2) 8.6 (99.2) 
C) Metals (mg/L) 
Boron (B) - / 2.4 1.11 (55.3) 1.23 (47.7) 
Sodium (Na+) - / 200 59.9 (97) 64.8 (96.8) 
a
 Operating conditions: hydraulic pressure at 20 bar and reject flow rate at 0.4 LPM. 
b
 Operating conditions: hydraulic pressure at 14 bar and reject flow rate at 0.4 LPM. 
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6.3.3. Effects on permeate boron quality with seawater of different boron 
concentrations 
Based on the different boron concentrations in the feed seawater discussed in 
section 6.1.4, post-treatment of the diluted draw solutions was achieved by NF 
first pass at pH of 7 and a hydraulic pressure of 55 bar and NF second pass at a 
pH of 10 with a hydraulic pressure of 20 bar. The results are shown in Fig. 
6.25 and Table 6.11, from which it can be seen that for normal feed boron 
concentration of 4 mg/L, the final permeate boron concentration was still 
below the WHO guideline value of 2.4 mg/L. However, for boron 
concentrations of 10 and 15 mg/L, the NF second pass permeate concentration 
was higher, attaining 2.72 and 3.17 mg/L, respectively. In order to solve this 
problem, RO membrane was used for 2nd pass instead of NF (at the same 
hydraulic pressure conditions of 20 bar) and the RO permeate boron 
concentrations were slightly reduced as compared to NF, with values of 1.77 
and 2.61 mg/L, respectively. Hence, for 15 mg/L boron concentration in the 
feed seawater, even RO in 2nd pass was not able to reject boron below the 
WHO guideline value of 2.4 mg/L. However, boron concentration as high as 
15 mg/L in natural seawater is very rare, even in the gulf countries. Therefore, 
even without raising the diluted draw solution pH, RO membrane in the 
second pass was more efficient than NF membrane in rejecting boron. For the 
normal boron feed concentration of 4 mg/L, either NF or RO for 2nd pass 
could be used based on optimised capital and operating costs. In conclusion, 
an FO system with 2nd pass of NF configuration, the boron issue could be 
tackled for seawater feed solutions containing as high as 10 mg/L boron 
concentration.  
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Figure 6.25. Boron concentrations in NF pass 1 and 2 with respective rejection 
 









Note: (↑) sign denotes, the boron concentrations exceeding the WHO guideline value of 2.4 
 
6.4. FO water recovery and overall energy consumption
For the FO membrane submerged reactor system, the overall recovery between 
every reconcentration cycle in
HRT. Thus, FO processes were found to be in par with RO processes as far as 
permeate recovery is concerned.
dropped with lower HRT and averaged 4, 20 and 35% for HRTs of 1
Seawater desalination by FO
percentage





NF pass 2 
permeate 
(mg/L) 
RO pass 2 
permeate 
(mg/L) 
2.17 1.2 - 
4.46 2.72(↑) 1.77 
6.63 3.17(↑) 2.61(↑) 
 
 reactors FO1 and FO2 was about 50% at 3
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and 1-d, respectively. This could be due to the fact that the water flux of the 
FO system was not high enough while excessive volume of feed seawater was 
wasted out to maintain the required reactor HRT. Hence, running the 
submerged membrane system at typically 35% recovery, which corresponded 
to 1-d HRT, was closer to the actual RO recovery achieved on practical 
grounds. Furthermore, the overall energy consumption of the FO-NF-NF 
process against the 2-stage RO process was calculated and the results are 
shown in Table 6.12. It can be seen that, for a capacity of 1000 m3.d-1, the 
energy consumed for RO process was about 4.11 kWh.m-3 while that of FO-
NF process was slightly higher at 4.25 kWh.m-3. Though the energy demand 
for FO was slightly higher due to lower recovery compared to the RO process, 
it still presented the advantage of reduced membrane fouling in comparison to 
RO. Furthermore, an increase in the FO recovery could help bring down the 
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6.5. Contributions of this study 
* It is concluded that FO membrane rejection increases with increasing feed 
seawater pH accompanied by excessive scaling (without antiscalants). The 
boron rejection by FO membrane at seawater pH of 8, 8.5 and 9 were found to 
be 70, 85 and 90%, respectively. These results could prove useful to plan and 
upscale FO seawater desalination applications. 
* Considering the membrane water flux and boron rejection, a 12-h HRT was 
optimal for submerged FO membrane desalination applications. In addition, it 
is suggestive that FO membrane subject to about 50-50% of borate-boric acid 
species composition in the solution (as in the case of 12-h HRT) effectively 
rejects the overall boron. Higher concentration of boric acid (about 80% as in 
Process 2-stage RO FO-NF-NF 
    
Production capacity, m3.d-1 1000 
Overall recovery 0.45 0.3 
Stage-one feed pressure, bar 60 55 
Stage-two feed pressure, bar 20 20 
High power pump efficiency 0.885 
Energy recovery, Pelton wheel 0.92 
FO feed pump power consumption, kW  -- 4.36 
Stage-one feed pump power consumption, 
kW 183.55 179.82 
Stage-two feed pump power consumption, 
kW 27.53 32.7 
Total pump and parasitic power consumption, 
kW 253.30 260.3 
Total recovered power, kW 81.89 83.32 
Net energy consumption, kW 171.41 176.93 
Total product, kg.s-1 11.57 
Equivalent work, kWh.m-3 4.11 4.25 
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1-h HRT) and higher concentration of borate species (about 94% as in 3-d 
HRT) are both detrimental to overall boron rejection by the FO membrane. 
* Irrespective of the boron concentration in the feed seawater (4, 10 and 15-
mg/L), the FO membrane was able to reject boron effectively showing 
excellent boron rejection characteristics. 
* MF pretreatment prevented FO membrane fouling, reduced Cl- leakage and 
improved boron rejection. The flux profiles confirmed that the FO membrane 
is flexible enough to tolerate non-pretreated seawater as feed, but at the 
expense of slightly lower boron rejection and higher solute leakage.  
* The FO-NF hybrid system has proved to be promising in terms of producing 
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7. Conclusions and Recommendations 
The purpose of this research was to investigate the feasibility of CTA-based 
FO membrane for seawater desalination applications and evaluate the FO 
membrane fouling behaviour with secondary effluent under different organics 
concentration. The current study gave insights on the fouling propensity of FO 
membrane in both orientation modes for different feedwater conditions, 
namely, secondary effluents with different organic concentrations and 
seawater. Secondary effluents with low organic concentration (10-50 mg/L 
TOC) and high organic concentration range (100 and 200 mg/L TOC), were 
investigated to understand the fouling propensity of the FO membrane. One of 
the key contributions of this study is the development of a cake formation 
model for the organic fouling of FO membrane. In addition, typical cleaning 
methodology and flux recovered has been determined comprehensively. All 
the results obtained are based on a more practical stock solution of 
concentrated secondary effluent, prepared by concentrating RO brine obtained 
from a water reclamation plant in Singapore. This is unlike using a model 
foulant such as the AHA and BSA as in previous studies. This would help 
define a more realistic aspect towards fouling of the FO membrane. 
Furthermore, this study is the first to have tested the feasibility of FO-NF 
synergistic system for desalination of actual seawater for the production of 
potable/drinking water. Hence, this study concluded that the FO process could 
be efficiently used as a supplement or replacement to the current RO process. 
This chapter summarizes the results and the main contributions of this thesis 
elaborating on the limitations and the recommendations for future research. 
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7.1. Conclusions 
7.1.1 Comparison between dense and porous layer fouling mechanism  
Based on the water flux decline curves, the results in the FO mode are 
encouraging, since membrane fouling occurred at a slower pace. At 50 mg/L 
of TOC, the water flux reduced by 20 and 45% for the FO membrane tested in 
the FO and PRO mode, respectively, after 20 h. The reasoning behind the 
more severe fouling of the porous layer of the FO membrane (in PRO mode) 
compared to the dense membrane layer (in FO mode) could be attributed to 
the smoother and tighter structure of the dense membrane layer, whereby the 
roughness of the dense and porous layers were 66 and 105 nm, respectively. 
This prevented the adhesion and accumulation of foulants on the dense (skin) 
layer of the FO membrane. The porous layer, being a looser structure, allowed 
the accumulation and deposition of the foulants on its surface by the 
mechanism of direct interception and subsequent pore plugging. Once a 
foulant layer built up on the porous side of the membrane, the foulant 
deposition tended to be easier due to a rougher foulant surface and the foulant-
foulant interaction. This process would occur at a slower pace in the case of 
the dense layer facing the feed solution (i.e., FO mode) since the initial foulant 
layer deposition was slower. Hence, the subsequent formation of foulant layers 
was also delayed. In the PRO mode, membrane fouling increased with 
increasing organic concentration in the feed solution due to more severe CP 
and 'cake enhanced osmotic pressure' effects at the membrane surface. 
Therefore, the dense layer of the FO membrane is more versatile and shows 
excellent flux stability against fouling for the operating conditions tested. 
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7.1.2. Cake resistance model for FO membrane fouling 
Both flux decline profiles and membrane imaging results conclude that fouling 
in the FO membrane dense layer was completely reversible for the operating 
parameters tested. Moreover, based on the cake formation model, the 
experimental results showed the presence of cake layer formation without pore 
blocking. The cake resistance values were in increasing order of the feed 
solution organic concentration and about three orders of magnitude greater 
than the inherent membrane resistance. The ease with which the water flux 
attained the initial flux back after mechanical cleaning suggests the membrane 
resilience of the dense layer of the FO membrane. Hence, the initial water flux 
recovered after cleaning indicated that the fouling was reversible. Mechanical 
cleaning with pulsating flushes helped scour off the foulants from the 
membrane surface effectively. For feed solutions containing foulants with 
higher organic concentrations (i.e., about 200 mg/L of organics), pulsating 
CFV cleaning for a duration of 5-min was sufficient enough to scour off the 
foulants from the membrane surface. The cleaning time duration is a very 
critical factor during plant operation as it saves the maintenance (cleaning) 
time and hence helps increase the overall plant throughput. FO stands a better 
chance in this regard due to its fouling resilience and shorter cleaning time. 
Such low cleaning time cycles are beneficial for easy membrane maintenance 
and in turn, in optimizing the plant operational costs.  
7.1.3. Seawater desalination feasibility using FO-NF process  
Findings showed that FO is a very promising alternative to RO in seawater 
desalination. Though the MF membrane pretreatment has not affected the flux 
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decline significantly, it is pertinent to install a pretreatment system for FO 
membrane longevity. The water flux decline profiles asserted that the FO 
membrane experienced minimal fouling for the operating conditions tested. 
Owing to the low flux conditions and the FO-CTA membrane’s inherent 
hydrophilic nature, the extent of fouling or scaling on the membrane surface 
was minimal. Signs of organic and biofouling were visible on the FO 
membrane surface, however, it could still demonstrate good flux stability, 
since the foulant layers were not compact enough to cause significant flux 
decline. In addition to organic and biofouling, signs of scaling (especially 
CaCO3 and CaSO4) were observed in FO membrane subject to 3-d HRT 
operating conditions. This could have been due to the accumulation of salts 
and hence its supersaturation in the FO feed reactor, causing scaling on the FO 
membrane surface. 
One of the major concerns in seawater desalination is boron leakage into the 
permeate stream. The impact of pH on FO membrane boron rejection was 
studied and higher boron rejections were observed with increasing pH. Results 
showed boron rejection of about 90, 85 and 70% for feed seawaters subject to 
pH 9.5, 9 and natural seawater conditions, respectively. In line with previous 
studies, an increase in seawater pH did help increase the boron rejection 
significantly, due to the formation of larger hydrated borate ions that could be 
removed by size exclusion. However, in the absence of antiscalants, excessive 
scaling was observed at high pH conditions. Boron rejection for FO membrane 
varied from 60-80% depending on the HRT in the FO feed reactor. 
Considering membrane water flux and boron rejection, a 12-h HRT was 
optimal for submerged FO membrane desalination applications. Boron 
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concentrations of 4-5 mg/L in the feed seawaters was reduced to 1.2-1.5 mg/L 
in the permeate after NF post-treatment with pH adjustment. This 
demonstrated the feasibility of FO process for seawater desalination since the 
recent WHO boron guideline has been raised to 2.4 mg/L. Maximum rejection 
of 79% was achieved at natural pH of seawater regardless of the boron levels 
in the feed seawater. It has been confirmed that inlet boron concentrations in 
feed did not significantly affect the boron rejection by the membrane. 
However, for seawaters in the Mediterranean, where the boron concentration 
is about 9-10 mg/L, more feasible methods need to be devised to combat the 
boron  issue.  
The FO-NF hybrid system, as an alternative to RO for potable water 
production, has been found to be a very promising seawater desalination 
technology. The post- treatment step, i.e., NF reconcentration, consisted of two 
passes of NF systems in series, with the first and second pass operated at 
applied pressure of 55 and 20 bar, respectively. The typical hydraulic pressure 
requirements for RO process is slightly higher, i.e., 60-80 bar. Furthermore, 
FO is at par with the RO process in terms of water recovery of about 35%. In 
addition, the water quality parameters of the permeate produced from the final 
NF post-treatment step was well under the WHO drinking water guideline. An 
extensive analysis of physical, chemical, metallic and bacteriological analyses 
were performed to determine the permeate quality. NF is more desirable than 
RO for FO post-treatment in drinking water production because it yielded a 
higher water flux producing a permeate conforming to the WHO guidelines. 
Energy consumption can be further improved by process optimization of the 
hydraulic pressure in the NF post-treatment process. Although accumulation of 
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boron posed a challenge in draw solution post-treatment, FO-NF system with 
elevated pH at NF second pass is still promising. Thus, after reviewing several 
factors such as the operating flux, water recovery, boron rejection, suitability 
of MF pretreatment and final water quality after post-treatment, FO could be 
considered as a potential and attractive alternative to RO process for seawater 
desalination. In short, findings of this study can be used to develop better 
understanding on the feasibility of FO process for seawater desalination. 
However, further development on boron rejection and improvement of water 
flux is required prior to implementation of FO for seawater desalination. 
7.2. Limitations & Recommendations 
7.2.1. CTA-based flat sheet FO membrane  
The focus of this study is restricted to performance studies of CTA-make FO 
membrane. Only HTI’s commercialised CTA make FO membrane has been 
tested in all the experiments. The results pertaining to flux and fouling 
parameters shall vary with other FO membranes’ of a different make, for 
example, thin film composite (TFC) polyamide FO membrane. CTA is 
typically more hydrophilic than polyamide; hence it shall have better anti-
fouling properties compared to the polyamide TFC membrane. Further 
investigation is recommended for TFC polyamide FO membrane. 
7.2.2. Low water flux of FO membrane for seawater desalination  
In the experiments conducted, the flux realized was about 1.5-2 L.m-2.h-1, 
which is quite low compared to the RO system. Higher flux could be realized 
with higher draw solution concentration, however, at the expense of greater 
hydraulic pressures needed to reconcentrate the draw solutions. Additionally, 
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greater hydraulic pressures shall defeat the purpose of using the FO-NF 
system, since the energy consumption will match or exceed that of the 
conventional RO process for seawater desalination. Hence, further studies are 
needed to optimize water flux and energy required for draw solution 
reconcentration. 
7.2.3. Reverse draw solute diffusion in FO/PRO fouling studies 
When comparing FO and PRO mode fouling in phase 1, the reverse draw 
solute diffusion from draw solution side to the feed side could also be studied. 
This shall help bring in more relevance to the flux decline and fouling in both 
the orientation modes. 
7.2.4. FO membrane rejection for Na2SO4 draw solute 
Sulphate rejection by FO membrane over the 80-d experimental run was about 
90%. An effective draw solute with corresponding economical and easy-to-
operate regeneration process will promote the potential commercialization of 
FO process. Any reverse solute leakage through the FO membrane, for 
instance the leakage of sulphate from the draw side to the feed side in this 
study, will result in salt loss in the draw solution and subsequently, a reduction 
in the effective osmotic pressure difference. In addition, the operation cost 
would increase if addition of solutes is needed more frequently to renew the 
osmotic driving force. As a result, alternate draw solute that has a lower 
reverse solute passage should be explored. 
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7.2.5. Better boron removal strategies for 10-15 mg/L B feed 
concentrations 
In the current studies (Table 6.11), it is observed that NF in the second pass is 
not able to reduce the boron concentrations below the 2.4 mg/L guideline, for 
boron feed concentrations of 10 and 15 mg/L. In regions (Mediterranean) 
where boron concentration is about this range (10 mg/L or higher), there is a 
necessity to incorporate boron removal processes. For example, the adjustment 
of pH of the NF feed could be considered and studied besides utilizing boron 
specific ion exchange resin. Development of high rejection NF membrane 
could be another area of research. 
7.2.6. High seawater pH studies in the presence of antiscalants 
In order to increase the membrane boron rejection, high seawater pH could be 
tested in the presence of antiscalants. This involves optimization of seawater 
pH and antiscalant quantities such that there are less signs of scaling. 
Subsequently, boron rejection mechanism could be studied based on flux 
profile. The zeta potential on the membrane surface (at high pH - high salt 
concentrations) could be deduced to draw possible conclusions on FO 
membrane boron rejection in such conditions. 
7.2.7. Necessity of a suitable high flux, low ICP and high boron rejection 
FO membrane 
Beside optimization of operating parameters, the FO membrane structure and 
characteristics need to be improved significantly so that the FO membrane can 
achieve high water flux and boron rejection. The development of better FO 
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membrane is necessary in order for the FO process to be adopted for a wide 
range of applications. For example, the synthesis of a conducive less tortuous 
and more porous support layer structure could help alleviate internal 
concentration polarisation (ICP) effects and improve water flux. In this 
context, some researchers have dealt with improving the FO membrane 
structure in order to achieve water flux equivalent to the RO process. In 
addition, a higher boron-rejection FO membrane is needed in order to 
minimize the boron concentration in the diluted draw solution so that the 
requirement of pH elevation in the second pass NF post-treatment is 
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9. Appendices 
Appendix A : Summary of water quality data of 2nd pass permeate after NF/RO post-treatment. 




1st reconcentration, 20 
bara 
5th reconcentration, 20 
bara 
5th reconcentration, 14 
bara 
NF2 RO2 NF2 RO2 NF2 RO2 
A) Physical 
       
Turbidity (NTU) 5 / 5 0.312 0.22 - - - - 
Conductivity (µS/cm) - / - 255.8 169.5 285 98 307 112.6 
pH Value 6.5-8.5 / - 7.5 6.2 8.27 7 8.28 7 
Total Dissolved Solids (mg/L) 500 / 1000 153.33 130 195 142.5 220 170 
Total Organic Carbon (mg/L) - / - 2.9 3.7 2.3 3.7 4.0 3.1 
Permeate flux (LMH) n.a. - - 62 56 42 32 
B) Chemical (mg/L) 
       
Ammoniacal nitrogen (as N) - / 1.2 n.d.b n.d. n.d. n.d. n.d. n.d. 
Chloride (Cl-) 250 / 250 41.7 25.1 70.4 21.6 75.5 25.3 
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Fluoride (F-) 4 / 1.5 0.1 n.d. 0.1 n.d. n.d. n.d. 
Nitrate (NO3-) 10 / 11 2.8 0.9 n.d. n.d. 0.3 0.1 
Sulphate (SO42-) 250 / 250 33.6 25.7 8.7 3.4 8.6 4.5 
C) Metals (mg/L) 
       
Boron (B) - / 2.4 0.97 0.59 1.11 0.94 1.23 1.06 
Aluminium (Al) 0.05-0.2 n.d. n.d. n.d. n.d. n.d. n.d. 
Barium (Ba) 2 / 0.7 0.03 0.03 0.03 0.03 0.03 0.03 
Copper (Cu) 1.3 / 2 0.08 0.06 0.06 0.85 0.06 0.06 
Iron (Fe) 0.3 / 0.3 0.08 0.08 0.09 0.1 0.09 0.08 
Manganese (Mn) 0.05 / 0.4 0.02 0.02 0.01 0.01 0.01 0.01 
Strontium (Sr) - / - 0.02 0.02 0.03 0.03 0.03 0.03 
Zinc (Zn) 5 / 3 0.05 0.05 0.02 0.01 0.02 0.01 
Sodium (Na) - / 200 57.8 25.9 59.9 19.8 64.8 22.1 
D) Bacteriological 
       
Total Coliform Bacteria 
(Counts/100 ml) n.d. n.d. - - - - - 
Heterotrophic Plate Count 
(CFU/ml, 35°C, 48 h) <500 / - 200-300 - - - - - 
NF2/RO2 - Second pass NF/RO. a Operating conditions: Reject flow rate of 0.4 LPM. b n.d. stands for not detectable. 
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Appendix B : Summary of rejection rates of post-treatment processes with respect to selected criteria 
Rejection   (%)  
1st reconcentration 5th reconcentration 
55 bar 20 bar 55 bar 20 bar 14 bar 
NF1 NF2 RO2 NF1 NF2 RO2 NF2 RO2 
Physical 
        
TDS 97.56 96.70 97.29 - 95.71 96.86 95.16 96.26 
Chemical 
        
Cl- - 94.74 96.94 - 95.28 99.73 94.93 99.69 
SO42- 97.65 98.96 99.23 - 99.20 99.74 99.21 99.66 
Metals 
        
B 63.13 27.07 57.25 23.46 52.77 60.67 47.66 55.65 
Na+ 96.77 96.66 98.52 - 97.02 98.98 96.78 98.86 
           
            NF1 - First pass NF run at 55 bar hydraulic pressure. 
            NF2 - Second pass NF run at 20/14 bar hydraulic pressure. 
